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Abstract
The III-nitrides have enabled a range of optoelectronic devices and associated appli-
cations of great industrial and societal importance. However, the full potential of the
III-nitrides remains to be explored. In this thesis, different important elements of
AlGaN-based light emitters have been developed to allow for improvements of deep-
ultraviolet (DUV) light emitting diodes (LEDs), blue vertical cavity surface emitting
lasers (VCSELs), and near-infrared (NIR) quantum cascade lasers (QCLs).
AlGaN is unique among the wide-bandgap semiconductors in that both p- and n-
type conductivity can be achieved. However, effective p-type doping remains difficult,
in particular for high-Al content AlGaN. Here we report on progress towards lower re-
sistivity Mg-doped Al0.85Ga0.15N , which will benefit the development of DUV-LEDs.
A resistivity of 7 kΩ·cm was achieved. We also report on the use of transferred dou-
ble layer metal-free graphene as a transparent contact on p-GaN for uniform current
injection, which could benefit the development of surface emitting LEDs and VCSELs
emitting in the blue-green. The graphene transparent contact was shown to momen-
tarily sustain a current density of 1 kA/cm2, which is close to the threshold current
density of state-of-the-art blue VCSELs.
The large conduction band offset of AlN/GaN quantum wells may enable the wave-
length range of QCLs to be extend to the NIR, potentially even covering the telecom
wavelength of 1550 nm where a QCL could provide e.g. chirp free modulation. A par-
ticular challenge for AlGaN-based short wavelength QCLs is the design of a low loss
waveguide that also allows for efficient current injection and extraction. We have there-
fore developed two such waveguide designs, one employing a dielectric cladding and an
off-center metal contact in a ridge configuration and a second employing a ridge waveg-
uide with a ZnO upper cladding and an AlN lower cladding for mode confinement, and
investigated their performance characteristics. We also show, both experimentally and
theoretically, that the temperature dependence of the intersubband transition energy
in AlN/GaN QWs designed for short wavelength absorption/emission is very weak
(15 µeV/K), which suggests that AlGaN-based telecom QCLs could operate without
active temperature control.
Keywords: III-nitride, AlGaN, graphene, light emitting diode, vertical cavity surface
emitting laser, quantum cascade laser, deep-ultraviolet, visible, near-infrared
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Chapter 1
Introduction
With the advent of the blue high-brightness GaN-based light emitting diode (LED)
merely 20 years ago a new source of light dawned [1], the energy-efficient white LED
lamp. Such lamps are currently used to replace the incandescent light bulbs that
have to a large extent been outlawed in the European Union [2]. The white light is
generated by a blue LED with a yellow emitting phosphor coating. Presently, the
Hg containing compact fluorescent lamps are the key competitor to LEDs for energy-
efficient illumination. Although Hg-based lamps are cheaper to manufacture they have
shorter lifetimes, longer turn-on times and contain hazardous materials (Hg). They are
also roughly half as energy efficient compared to a recently announced LED-based lamp
capable of over 200 lm/W [3]. Another important application for the III-nitrides are
the blue-violet (405 nm) laser diodes (LDs) that have enabled the Blu-ray Disk™ high
density optical storage technology.
Currently, there is a large interest in extending the high-efficiency and high-
brightness wavelength range, from the blue to both longer and shorter wavelengths. For
the longer wavelengths, the motivation is to cover the so called green-gap, where the
efficiency is worse than for blue and red LEDs. Efficient green LEDs could be used in
combination with blue and red LEDs to create even more efficient white light-emitters,
since this avoids energy being lost in the phosphor conversion process currently used.
There is also an interest in developing green LDs for use in, e.g., pico-projectors. Green
LDs are difficult to manufacture for the same reasons as green LEDs, the reasons be-
ing the low In incorporation in InGaN quantum wells (QWs) at conventional growth
temperature and increased efficiency droop at longer wavelengths [4].
Similar efficiencies as for blue LEDs have been demonstrated at wavelengths down
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to 365 nm, which corresponds to the bandgap of GaN. To reach shorter wavelengths,
the InGaN alloys in the QWs are replaced with AlGaN alloys. This, in combination
with high dislocation densities reduces efficiency significantly. The shortest wavelength
LED that has been demonstrated was an AlN homojunction LED with emission at 210
nm [5]. However, the primary target for the shorter wavelength range is the so-called
germicidal wavelength, 265 nm, where efficient long-lifetime LEDs could replace the
bulky, toxic, short lived, and fragile Hg-based gas-discharge lamps that are currently
used in water purification and disinfection systems. For deep ultraviolet (DUV)-LEDs
a power efficiency of 7.8% at 278 nm has been demonstrated [6]. Short wavelength
LDs are also of interest, primarily for photo-lithography and photochemical curing.
AlGaN-based LDs have reached wavelengths as short as 336 nm [7].
The III-nitrides are also being investigated for use in other device technologies
where they have potential to increase the wavelength and operational temperature
range from what is possible with other III-V semiconductors. The vertical cavity
surface emitting lasers (VCSELs) is one such device topology, where III-nitrides could
be used to be used to make inexpensive blue and green lasers with high optical beam
quality. Although both blue and green emission has been demonstrated [8], there
is still a need for significant development to improve both efficiency and yield. Such
lasers could be used in high-resolution printers, read-out-heads for optical data storage
and for bio-medical applications.
Quantum cascade lasers (QCLs) could also benefit from the III-nitrides. Currently,
mid- and far-infrared QCLs are mainly used for gas and molecular analysis systems.
The large conduction band offset and large remote valley separation offered by the III-
nitrides could extend the wavelength range into the near-infrared (NIR). Currently,
the lower lower limit is 2.6 µm [9]. Possibly, even telecom wavelengths (1.55 µm),
could be reached where the QCL could potentially reduce temperature dependence of
the emission wavelength and allow chirp-free modulation. The large phonon energy
could potentially also allow room temperature (RT) THz QCLs, for use in security
imaging systems. To date no III-nitride QCL has been demonstrated.
Work on blue light emitters using GaN was initiated in the 1960s at RCA [10]. After
a few years they successfully created blue emitters using metal-insulator-semiconductor
structures but were unable to create the p-type GaN needed for efficient LEDs. Even
though they were trying the current standard p-dopant Mg already in 1972, the much
needed p-GaN remained elusive. It was not until 1989 that p-type GaN was achieved.
Then it was discovered that the passive Mg acceptors were activated by low-energy
electron-beam irradiation (LEEBI) [11]. Using this method, a pn-junction LED was
demonstrated [11]. The LEEBI activation was successful but not really suitable for
mass production. In 1992, S. Nakamura at Nichia developed high-temperature anneal-
ing as a post growth treatment to activate the Mg acceptors [12]. His work regarding
the passivation of the Mg acceptors by H atoms made controlled p-doping possible. At
the end of 1993, the first commercial blue GaN LEDs were introduced by Nichia [1].
With continued rapid development of GaN based light emitters, a blue continous-wave
(CW) RT LD was manufactured in 1995 [13].
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In this thesis, different important elements of light emitters in AlGaN-based semi-
conductors have been explored to allow for improvements of DUV-LEDs, blue VCSELs,
and NIR-QCLs. The outline is as follows. In the next chapter the general properties
of AlGaN semiconductors will be discussed. The following chapter is dedicated to the
intricacies of DUV emitters. This is followed by a chapter concerning blue VCSELs.
Then a chapter focusing on QCLs follows. Some of the methods used for fabricating
and characterizing devices are then presented in the aptly named chapters "Epitaxial
Growth and Device Processing Methods" and "Characterization Techniques". Before
presenting the appended papers, an outlook with future prospects for light emitters in
III-nitride based materials is given.
3
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Chapter 2
Aluminium Gallium Nitride
The wide bandgap AlGaN material system has properties that make it suitable for
many optoelectronic applications. By including InGaN QWs, the energy efficient blue-
LEDs that have enabled white light LEDs used for e.g. general illumination. In this
chapter the material properties will be described in more detail.
2.1 Optical Properties
Both GaN and AlN have a wide bandgap, corresponding to wavelengths shorter than
visible. Bulk crystals are transparent but with a deep amber tint giving them a
gemstone like appearance. The tint is due to impurities incorporated during crystal
growth.
In Figure 2.1, the bandgap energy, Eg, for the different III-nitride alloys is plotted
with respect to the lattice parameter a0. It can be seen that with sufficient In incor-
poration, the bandgap can be reduced to cover the whole visible spectrum and even
reach into the infrared (IR). Furthermore, the bandgap is direct for all compositions,
allowing for efficient light emitters.
The real and imaginary parts of the ordinary refractive index for AlN, GaN and
one intermediate alloy are plotted in Figure 2.2 as a function of photon energy. Since
AlN, GaN and their alloys are positively uniaxially birefringent [14], they have an
extraordinary refractive index that is larger than the ordinary refractive index. Pho-
tons with polarization parallel to the optical axis will experience the extraordinary
refractive index.
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Figure 2.1: Bandgap energy as function of the lattice constant a0 for the III-nitrides
at room temperature using material parameters from [15]. The bandgap is direct for
all material compositions. The dotted lines correspond to the lattice constants of some
substrates. The large lattice mismatch of the often used sapphire substrate (a0 = 4.765
Å [16]) causes it to lie outside of the graph. Notably, the Al0.18In0.82N alloy is lattice
matched to GaN and is thereby enabling some interesting applications [17].
The optical birefringence can influence the polarization properties of LEDs and
LDs. Most edge emitting AlGaN-based LDs are oriented such that the optical axis
is parallel to the substrate normal. Then the birefringence has little effect. With the
laser waveguide oriented along the optical axis, the emitted light is polarized either
parallel (transverse magnetic (TM)) or perpendicular (transverse electric (TE)) to the
surface normal. However, lasers oriented with the optical axis at an angle to the
surface normal can lase at modes polarized parallel or perpendicular to the optical
axis [18, 19]. Orienting the LD parallel to the projection of the optical axis avoids
this complication. For VCSELs, the optical birefringence can be used to lock the
polarization in this otherwise circular symmetric device. This has been demonstrated
on substrates with the optical axis oriented perpendicular to the surface normal [20].
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Figure 2.2: The real, n, and imaginary, k, part of the ordinary refractive index for
GaN, Al0.53Ga0.47N and AlN as function of the photon energy, Eph. Data from [21].
2.2 Crystal Structure
The birefringence that was described in Section 2.1 stems from the for AlGaN thermo-
dynamically stable wurtzite crystal structure. The hexagonal unit cell of the wurtzite
crystal structure is shown in Figure 2.3. The previously mentioned optical axis can
here be identified as the crystallographic c-axis, which is normal to the (0001) c-plane.
Two other important crystal planes, the (112¯0) a- and the (101¯0) m-plane, and the
two lattice constants, a0 and c0, are also highlighted.
Although not entirely obvious from the figure, the wurtzite structure is both non-
centrosymmetric and polar. The polarity induces strong electrical fields in structures
grown on the polar c-plane. As will be discussed in Section 2.6, polarization fields do
not appear in structures grown on the non-polar a- and m-planes.
The polarization field (~P tot) is oriented along the c-axis of the crystal. It can
be divided in a spontaneous (~P sp) and a piezoelectric polarization (~P pz) component:
~P tot = ~P sp + ~P pz [C/m2]. The spontaneous polarization is related to the material
composition in the crystal lattice and its value can be found in Table 2.1. The piezo-
electric polarization is induced by the strain that results from the lattice mismatch in
a heterostructure.
It is also possible for the III-nitrides to crystalize in the non-polar zincblende
structure. However, such crystals are metastable and reorganize to the stable wurtzite
structure at elevated temperatures. While the absence of polarization fields can be
advantageous, the inherent metastability makes growth and processing of zincblende
III-nitrides quite challenging.
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Figure 2.3: Wurtzite crystal structure. The black atoms represent the Al/Ga sublattice
and the white atoms the N sublattice. The black lines represent the covalent bonds
between the atoms. The three most important crystal planes are indicated: green
c-plane (0001), red a-plane (112¯0) and blue m-plane (101¯0).
It should also be noted that the crystal has two faces when it is grown on the c-
plane. They are the Ga/Al and the N terminated faces. Normally, growth is performed
on the metal terminated face but can in principle also take place on the N terminated
face.
2.3 Bandstructure
The crystal structure is reciprocated in the electronic bandstructure that shares the
hexagonal symmetry of the wurtzite structure. A complete bandstructure calculation
requires a fairly sophisticated theoretical model. For most device applications, only
the electronic states in the vicinity of the conduction and valence band edges need
to be taken into consideration. For this the k · p method can be used. In the most
accurate form, an 8 × 8 Hamiltonian is used to describe the conduction and valence
bands and their dependence on crystal strain and alloy composition. The full model
is outside of the scope of this work but is described in [15].
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Table 2.1: Basic material parameters for GaN and AlN.
Parameter GaN AlN Unit Ref
Eg (300 K) 3.437 6.00 eV [15]
a0 (300 K) 3.189 3.112 Å [15]
c0 (300 K) 5.185 4.982 Å [15]
m∗e‖ (300 K) 0.21 0.32 m0 [15]
m∗e⊥ (300 K) 0.20 0.30 m0 [15]
Psp -0.034 -0.090 C/m2 [15]
EMg 130 500 meV [22–24]
ESi 15 180 meV [25, 26]
For AlN, GaN and InN, the conduction band minima lies at the Γ-point in the
reciprocal space map of the crystal. This is also where the valence band has its
maximum, making the III-nitrides direct bandgap semiconductors. Three different
bands lie near the valence band maximum and they differ in both energy and symmetry
of the electron wavefunction. For GaN, the heavy-hole (HH) band has the largest
energy. Below it lies the light-hole (LH) band and even lower in energy is the crystal-
hole (CH) band. In bulk GaN crystals the energy separation between the valence
bands is quite small (27 meV). For AlN, the CH band has the highest energy, more
than 200 meV above the HH and LH bands. For InN, the energy bands and energy
states are not well known. Quite recently, in 2001, the InN bandgap was revised from
≈ 2 eV to the currently accepted value of ≈ 0.7 eV [15].
The asymmetric crystal-structure causes the electron masses to differ in directions
parallel (m∗‖) and perpendicular (m
∗
⊥) to the c-plane. This also holds true for the
holes. For instance, the in-plane LH and HH masses differ, with the LH being the
lightest, while they are fairly similar perpendicular to the c-plane [15].
Formation of heterostructures is required for almost all device designs. With het-
erostructures, the instantaneous transition between different alloy compositions allow
the formation of QWs in both conduction and valence bands. Since the heterojunctions
in III-nitrides are of type I, the QWs will overlap spatially. For the III-nitrides, the
determination of the conduction (∆CBO) and valence (∆V BO) band offsets is compli-
cated by the strong strain induced and spontaneous polarization fields. Theory even
suggests that the offsets differ depending on the order of the materials in the hetero-
junction, that is if AlN is grown lattice mismatched to GaN (∆V BO = 0.2 eV) or if
GaN is grown lattice mismatched to AlN (∆V BO = 0.85 eV) along the c-axis [15, 27].
The remaining bandgap difference appears in the conduction band with ∆CBO values
of 2.36 eV for AlN on GaN and 1.71 eV for GaN on AlN. As an example, the valence
band offset for AlxGa1−xN QWs embedded in AlN is shown in Figure 2.4 [28].
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Figure 2.4: The valence-band offset for AlxGa1−xN QWs compressively strained to
c-plane AlN [28].
2.4 Doping
GaN is fairly unique among the wide bandgap semiconductors in that it can be made
to have both n- and p-type conductivity. It is known that such conductivity control be-
comes more difficult to achieve for semiconductors with wider bandgaps [29]. This can
be attributed to a larger ionization energy for dopants making it difficult to overcome
the intrinsic impurity and defect related background carrier concentration. For GaN
and AlGaN, the two most common dopants are Si donors and Mg acceptors. These
are also the dopants of choice for AlN where n-type conductivity has been achieved,
although with significantly larger resistivity than for n-GaN [30, 31]. However, p-type
conduction becomes difficult to achieve as the Al mole fraction increases [32]. Still,
p-type conductivity has been demonstrated even for AlN, although with a very low
hole concentration of 1010 cm−3 [5]
H passivation causes problems for the p-type doping of GaN. The H used during
metal-organic chemical vapor deposition (MOCVD) growth gets incorporated in the
semiconductor, creating Mg-H complexes [33]. Nakamura showed that H can be re-
moved by thermal annealing in a N2-ambient at temperatures above 700 ◦C [12, 34].
Such high temperature annealing is also performed on Mg-doped AlN and AlGaN to
reduce the H concentration and increase the conductivity in a similar manner.
The p-doping difficulty is also caused by the increase in ionization energy for the
Mg-dopant with increasing Al mole fraction. Theoretical work to find an acceptor
with lower ionization energy has suggested Be as being a shallower acceptor than Mg
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[35], but more recent work [22] finds the ionization energy of Mg to be lower. Using
photoluminescence (PL), the measured ionization energy of Be-acceptors was found
to be about 80-150 meV smaller than the Mg-acceptor ionization energy in AlN [36].
As the Be-doped AlN was highly resistive, no electrical measurement of the ionization
energy could be performed to support the conclusions from the PL measurements. In
[22] it was found that the ionization energy of Mg-O complexes is smaller than the Mg
ionization energy, suggesting that O co-doping could lead to larger hole concentrations.
Another method to increase the p-type conductivity utilizes the strong internal
polarization fields. By altering the material composition, a superlattice (SL) struc-
ture is formed where the valence band edge periodically exceeds the Fermi level,
thereby reducing the ionization energy for the acceptors [37]. The period length of the
In0.13Ga0.87N/Al0.2Ga0.8N SL was 16 nm. With an acceptor concentration of 1 · 1019
cm−3, the carrier concentration increased by an order of magnitude compared to bulk
GaN.
In Paper I we obtained a resistivity of 7 kΩ·cm for Mg-doped Al0.85Ga0.15N by
growth using a hot-wall MOCVD reactor, see Section 6.1.2. Although this is a fairly
high resistivity when compared to other materials, it is quite low considering the large
Al mole fraction. For Al0.7Ga0.3N, a RT resistivity of around 10 kΩ·cm was previously
shown [38, 39], indicating the applicability of the hot-wall-MOCVD growth technique
for growth of p-doped AlGaN.
In Table 2.1, the ionization energies for Si (ESi) and Mg (EMg) dopants in GaN
and AlN are presented. The ionization energies in GaN are lower than in AlN, making
doping easier. Still, p-GaN conductivity is low compared to other semiconductors.
Therefore, a transparent contact is sometimes required on AlGaN-based light emit-
ters for uniform injection of holes in the recombination or gain region. Although
indium-tin-oxide (ITO) can be used it is difficult to form an ohmic p-GaN/ITO con-
tact. Recently, graphene has emerged as a material with similar sheet resistance and
transparency as ITO. In Paper V we have investigated the use of metal-free graphene
as transparent electrode for GaN based light emitters.
2.5 Substrates
Most of the growth of AlGaN for device applications has been done on sapphire sub-
strates due to their relatively low cost and large temperature stability. The large
lattice mismatch between sapphire (a0 = 4.765 Å) [16] and GaN (a0 = 3.189 Å) [40]
makes the substrate a seemingly poor choice. However, it is possible to grow GaN
template layers with moderate dislocation densities on sapphire. Due to the lattice
mismatch, the GaN crystal is rotated 30 degrees compared to the sapphire substrate.
The cleavage planes of the GaN layers are, therefore, not aligned to those of the sap-
phire substrate, which makes cleaving of high quality laser facets problematic [41].
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Several other substrates are better suited for growth of III-nitrides with respect to
the lattice matching. SiC is a mature substrate, with 100 mm diameter wafers of good
quality available [42]. It is also possible to obtain SiC substrates with GaN templates
with low dislocation densities.
ZnO is a substrate closely lattice matched to GaN of which large wafers can be
produced [43]. Since n-type ZnO substrates with good conductivity exist, and also have
the same crystal structure as GaN, they seem to be an ideal substrate. Unfortunately,
ZnO substrates are unstable at the growth temperatures and chemistries that are
common for MOCVD and hydride vapor phase epitaxy (HVPE) growth of high quality
GaN [44]. However, growth of GaN layers on ZnO substrates has been demonstrated at
low temperature using MOCVD with DMHy as the N source [44], at room temperature
with pulsed laser deposition (PLD) [45], and by using low temperature molecular beam
epitaxy (MBE) growth [46].
Growth of AlN and GaN bulk crystals from which native substrates can be pro-
duced is also possible. Such substrates are preferable over templates since dislocation
densities are orders of magnitude lower. The growth of GaN bulk crystals has received
a lot of attention since it has potential to improve performance of blue LEDs and LDs.
AlN substrates from AlN bulk crystals would primarily be used for high performance
DUV-LEDs, but potentially also for LDs.
A method that can produce high quality GaN substrates is ammonothermal growth
[47]. The technique is scalable with autoclave size and currently 50 mm diameter polar
wafers are demonstrated [48]. Semi-insulating, p- and n-doped polar GaN substrates
are also demonstrated. Recently, larger crystals have also allowed 26×26 mm non-polar
substrates [49]. C-plane (polar) wafers with 38 mm diameter and m-plane (non-polar)
10× 10 mm wafers are advertised [50].
For AlN, physical vapor transport (PVT), a sublimation-recondensation technique,
is the preferred growth method. The method is similar to that used for SiC growth
and has been used to grow bulk crystals large enough to produce wafers with 50
mm diameter [51]. However, PVT growth of AlN suffers from significant impurity
concentrations. In [52], for instance, both the O and C concentration in the grown
AlN crystals are close to 1 · 1019 cm−3 in most parts of the ≈ 15× 15× 15 mm boule.
Continued development has made 25 mm diameter ultraviolet (UV) transparent true
bulk c-plane AlN substrates with low defect densities commercially available [53].
In both AlN and GaN bulk crystal growth, the size of the boule is dependent
on the size of the seed crystal. In each iteration of the crystal growth the seed size
can increase so with continued commercial interest substrate size can be expected to
increase in the coming years.
12
2.6. POLARIZATION FIELDS IN HETEROSTRUCTURES
2.6 Polarization Fields in Heterostructures
The strong polarization fields that are present in the III-nitrides were described in
Section 2.2. They are a major detriment to the radiative recombination efficiency for
c-plane LEDs and LDs. The effect of these fields can be reduced by growth on non-
polar and semi-polar crystal planes. However, the polar c-plane is still the prevalent
growth plane for AlGaN based emitters.
The effect of the fields for c- and m-plane growth is shown in Figure 2.5a. The
material composition change required for forming the QWs gives rise to a strong elec-
trical field in QWs grown on the c-plane. This field separates the electron and hole
wavefunctions in the QW and thereby reduces the radiative recombination probability.
To increase the wavefunction overlap, narrow QWs are used in c-plane LEDs.
With growth on the non-polar a- or m- planes, the polarization induced field lies in
the plane of the QWs and does not separate the electron and hole wavefunctions in the
direction of carrier confinement. The strain also affects the bandstructure differently
for growth on different crystal planes. In Figure 2.5b it can be seen that the strain has
caused a reduction of the bandgap and a splitting of the LH and HH valence bands in
the QW for growth on the m-plane compared to the case of growth on the c-plane.
For green-LEDs, the use of semi-polar growth planes such as (202¯1) and (112¯2) is
considered. For such planes, the polarization in the QWs is equal or close to equal to
that in the barriers. The internal field induced by the polarization will then tend to
zero, and charge separation is avoided [54, 55]. The advantage of semi-polar growth
is that the incorporation of In in the QWs, required for green emission, is improved
compared to growth on non-polar planes [56].
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Figure 2.5: The QW region in a DUV-LED design simulated using NEXTNANO.
Some relevant wavefunctions were selected to show the overlap between electron and
hole wavefunctions in the active region. The simulations were performed on both c- (a)
and m-plane (b) to illustrate the reduction of wavefunction overlap for growth on the
c-plane. Also note the increase of the emission wavelength due to the strain induced
LH and HH splitting in (b).
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Chapter 3
Deep Ultraviolet Emitters
In recent years, research on AlGaN based LEDs and LDs has expanded from blue
emitters towards emitters operating at both longer and shorter wavelengths. In this
chapter, the current status and applications of deep ultra-violet emitters is discussed.
3.1 Ultraviolet Radiation
UV light is radiation with wavelengths that are too short to be visible, generally the
limit is drawn at 400 nm although slightly shorter wavelengths can be seen. Wave-
lengths shorter than 300 nm are further grouped into the DUV part of the spectrum.
This is only one of many division of the spectrum. Since UV light has many appli-
cations, the definitions of the sub-spectra are somewhat overlapping and also differ
slightly between different sources. In this work the definitions presented in [57] are
used. They are UVA (400-320nm), UVB (320-280 nm), UVC (280-200 nm) and VUV
(200-100 nm).
These definitions are based on the interaction with biological matter and the spec-
tral distribution of the sunlight transmitted through the atmosphere, see Figure 3.1.
The UVA region is non-germicidal and is partly transmitted through the atmosphere.
This part of the spectrum is invisible for humans but is perceived by many birds [58].
UVB is mostly absorbed in the atmosphere and is both germicidal and erythemal
(causing skin irritation). In addition to the erythemal and germicidal properties of
UVB light, light with UVC wavelengths is ozone producing. The VUV (vacuum UV)
wavelengths are heavily attenuated in air and can therefore only be used in vacuum
or for wavelengths longer than 150 nm in nitrogen [57].
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Figure 3.1: Spectral irradiance in space and at sea level from the ASTM G173-03
Reference Spectra [59]. Parts of the solar spectrum are absorbed in the atmosphere.
The divisions in the different UV parts of the spectrum is based upon the absorption
in the atmosphere and the interaction with biological matter.
3.2 Applications
Air and water purification is a well known application for UVB and UVC radiation.
Already in 1909 an experimental plant was constructed in Marseilles, France, where
Hg based UV lamps were used to purify 600 m3 water per 24 h [60]. Radiation at
all UVB and UVC wavelengths is germicidal, but most efficient for E. coli pathogen
deactivation is radiation at 265 nm, the "germicidal wavelength"[57]. However, the
peak disinfection wavelength varies somewhat between organisms [61]. The primary
light sources used for air and water purification are Hg based gas discharge lamps
emitting at the 254 nm Hg line in the UVC spectrum. The UVC power efficiency of
such standard low-pressure gas discharge lamps varies between 28-40% over the lamp
lifetime of 9000 hours [62]. High efficiency and high power LEDs for the blue region
have reached wall-plug efficiencies of 57% at 440 nm with 643 mW optical power and
estimated lifetimes of 100 000 hours [63]. Thus, there is an efficiency improvement
potential for LED based germicidal lamps for air and water purification operating
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at the germicidal wavelength of 265 nm combined with significantly longer lifetimes
and smaller dimensions. However, current DUV-LEDs require significant efficiency
improvement before being able to compete with the efficiency of Hg based gas-discharge
lamps. In some applications, the robustness and compactness of the solid-state LED
device compared to the fragile glass tube of the bulky and toxic gas-discharge lamp can
outweigh the efficiency shortcomings and make DUV-LEDs attractive in, for instance,
transportable disinfection and purification systems.
Short wavelength UV LDs also have the potential to increase the storage density of
optical media compared to that of the current Blu-ray Disk™. Blu-ray Disk™operates
at a wavelength of 405 nm. However, the use of shorter wavelengths is problematic
since plastics tend to deteriorate under UV irradiation [64], thereby requiring new
types of optical disks.
The treatment of skin diseases can benefit from narrow band UV sources. For
instance, the phototherapy action spectrum peaks around 300 nm, but to limit risk
of erythemogenic skin damage wavelengths slightly longer than 300 nm are preferable
[65]. Currently, narrow band fluorescent low-pressure Hg lamps at 311 nm are available
[66] but they could be replaced by more efficient LEDs.
The interaction with plastics and other materials is another application of UV
emitters. The large photon energy allows photo-chemical reactions to occur in mate-
rials that are stable under conventional illumination. Examples of applications are,
the exposure of photo-resist, UV-curing of adhesives, ozone generation and release of
adhesives.
3.3 Light Emitting Diodes
An LED consists of a pn-junction (a diode). When it is forward biased, a current (I)
of electrons and holes, from the n and p region, respectively, is driven through the
junction. With electrons and holes coexisting at the junction, there is a probability
that the electrons and holes recombine by photon emission if the bandgap is direct.
Careful design of the junction can increase the radiative recombination probability
significantly. In efficient LED designs the radiative recombination efficiency (ηr) can
be above 90%.
The part of the current driven through the LED that enters the recombination
region gives the injection efficiency (IE) ηi. Nearly 100% IE is possible. The third
efficiency of importance is the light extraction efficiency (LEE) ηx. It quantifies the
fraction of photons generated in the junction that are emitted out of the LED. LEEs
over 80% are possible with proper designs [4, 63]. The product of the three efficiencies
gives the external quantum efficiency (EQE) ηe of the LED, defining the fraction of
injected electrons converted to output photons. As a complement to the EQE the
internal quantum efficiency (IQE) is often used to signify the product of ηr and ηi.
However, IQE is often measured using PL, a method that does not accurately take ηi
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into account, since the QWs are excited under different conditions than with electro-
luminescence (EL), and assumes ηr = 1 at low temperatures. A more accurate IQE
could be obtained by measuring the EQE of LEDs with known LEE [67].
To obtain the power efficiency ηp of the LED, the energy of each output photon
(Eph) and the voltage drop (V ) over the diode junction at the drive current (I) must
be taken into account. The power efficiency (ηp) is often referred to as the wall-plug
efficiency (WPE). The resulting expression for the power efficiency becomes:
ηp =
Pout
V I
=
ηeEphI/q
V I
= ηiηrηx
Eph
qV
(3.1)
where Pout is the optical output power and q is the electron charge.
As will be seen in Section 3.4, increasing the LEE is the currently most pressing
challenge for high efficiency AlGaN-based DUV-LEDs. The difficulty of obtaining a
large LEE stems mostly from optical absorption in the p-contact region where UV
absorbing p-GaN is often used to reduce the contact resistance, but in some cases also
from absorption in the substrate. However, there is still a need to improve the IQE
and to reduce the resistive losses.
3.4 State-of-the-Art
AlGaN based UV emitters can, and have been, demonstrated to cover essentially the
entire UV spectrum, from GaN emission at 364 nm down to AlN emission at 210
nm [5]. Unfortunately, the efficiency of the devices is declining rapidly when shorter
wavelengths are approached, as can be seen in Figure 3.2 [6, 68–74].
It has been observed that the radiative recombination efficiency is greatly improved
with inclusion of In in the QWs. This usually requires the LED to operate at energies
below the bandgap of GaN (λ > 365 nm). It has been speculated that the increased
efficiency is due to In clustering in the QWs forming efficient radiative recombination
centers. The clustering theory has recently come under question since the observed
clustering effects can be attributed to sample damage during transmission electron
microscopy (TEM) analysis [74, 75]. When using repeated High-Resolution TEM
imaging, random alloy fluctuations were observed in InGaN layers [76]. Nonetheless,
devices with In in the QWs are generally more efficient than those without. For DUV-
LEDs, threading dislocation densities (TDDs) larger than 109 cm−2 are limiting the
IQE to values < 50% [77, 78].
AlN bulk substrates have much lower dislocation densities than the more commonly
used AlN templates on sapphire. This allows for the growth of AlGaN heterostructures
with low TDD. With pseudomorphically grown layers, an IQE near 70% has been
reached [72, 79] at 260-270 nm. An increase of the extraction efficiency from 4% to
15% led to an EQE of 4.9% with 67 mW output power. For DUV-LEDs on sapphire,
the IQE is lower due to a higher TDD, but with a thick AlN buffer layer a TDD
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Figure 3.2: Reported EQEs for LEDs at various UV wavelengths. The efficiency drops
rapidly when leaving the GaN bandgap region around 365 nm where InGaN QWs are
used. The increased efficiencies around the germicidal wavelength at 265 nm can be
attributed to a larger development effort because of a potentially large market.
of 2 · 108 cm−3 and an IQE > 55% was obtained [6]. With the advantages of the
transparent sapphire substrate and a highly reflective p-electrode, an EQE of 10.4%
at 9.3 mW and 278 nm was reached [6].
The effect of carbon related absorption at 265 nm in PVT grown AlN substrates
[80] was reduced by wafer thinning to 20 µm [72]. Alternatively, HVPE-AlN substrates
can be grown on PVT-AlN to obtain both low carbon related absorption (< 10 cm−1),
and low TDD. After removal of the absorbing PVT-AlN part of the substrate, leaving
170 nm HVPE-AlN, an EQE of 2.4% at 268 nm with 28 mW output power was reached
[81].
As LDs are generally more demanding in terms of material quality than LEDs,
with requirements of thick cladding layers and low defect density QWs, the shortest
lasing wavelengths for electrically pumped LDs are in the UVA region. A pulsed mode
laser emitting at 336 nm with 3 mW output power has been demonstrated [7]. The
laser emission was TE polarized. Optically pumped RT lasers have been demonstrated
at 242-243 nm [82, 83].
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3.5 Droop
Operation of high brightness LEDs requires large current densities. This spells trouble
for nitride based LEDs where the EQE is markedly reduced as the current density
increases. This phenomenon is commonly referred to as the efficiency droop. It is
observed in both visible and DUV LEDs [84]. Currently, the physical mechanism
behind the efficiency droop is a question of debate in the research community. It
is attributed to a number of effects, among them are Auger recombination, electron
leakage, carrier delocalization, dislocations, junction heating, and carrier injection
asymmetry [84–88], some of which are discussed below.
The efficiency droop occurs when the current density in the LED increases and
scales to a large degree with the cube of the carrier density. This in combination
with carrier lifetime measurements implies that Auger-recombination plays a key role
[85]. Auger-recombination means that when an electron and hole recombine, instead
of emitting a photon, the released energy excites an electron or a hole. The excited
carrier thereafter decays to its initial state by phonon emission. Due to the three
carriers involved, the recombination rate scales with the cube of the carrier density.
However, the measured Auger coefficient is roughly four orders of magnitude larger
than what is expected based on other semiconductors [84].
The strong inherent electrical polarization fields are characteristic for the AlGaN
materials and distinguish them from other semiconductors. The fields strongly affect
the electron structure in the QWs, making them a prime suspect in the search for droop
causing effects. The large fields could cause carriers to pass over the QWs without
being captured. The fields also enforce the use of narrow QWs, as was shown in Figure
2.5a, causing high carrier densities in the QWs, potentially increasing thermal emission
due to junction heating. The growth on non-polar planes should then reduce droop.
For a non-polar InGaN LED grown on m-plane GaN, a low efficiency droop of 18% at
current densities up to 330 A/cm2 was observed [89]. This does signify an advantage
in terms of reduced droop for growth on non-polar planes. A comparison between c-
and m-plane LEDs grown on sapphire and GaN, respectively, shows a reduction in
droop for the m-plane LEDs [90]. However, droop was still observed.
Since the dislocation density can be remarkably high in AlGaN-based devices with-
out causing significant nonradiative recombination, efficiency droop mechanisms due
to dislocations have been proposed. Carrier localization due to In clustering or the
formation of V-shaped pits around defects have been considered. With increased filling
of the QWs, defect assisted Shockley Reed Hall recombination could then exhibit a
nonlinear behavior, explaining the efficiency droop [84]. Observation of droop in bulk
GaN with < 107 cm−2 TDD by PL suggests more fundamental effects such as Auger
[91], but does not exclude dislocation related phenomena.
The difficulty in reaching large hole concentrations due to high ionization energy
of p-type dopants is attributed to cause droop due to an asymmetric carrier injection
into the QWs [86]. Onset of droop was found to occur at lower current densities at
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lower temperatures, where the ratio of electron to hole currents was larger due to
lower thermal ionization. To reduce electron leakage into the p-region an electron
blocking layer (EBL) was used. Since this also creates a barrier for the holes in the
valence band, a lower degree of hole injection over the EBL could also contribute to
the increased droop at lower temperatures.
Although much effort has been spent on understanding and reducing the efficiency
droop it is still present, although significantly reduced in low defect density non-polar
m-plane devices [90]. Droop is also observed in the company Soraas high efficiency
(68% EQE at 180 A/cm2) 410 nm LEDs on bulk GaN substrates [92]. The remaining
cause for the observed efficiency droop could be due to asymmetric carrier injection,
junction heating and/or Auger recombination.
Effective p-type doping is then a remaining obstacle that, if it can be resolved,
should reduce the efficiency droop and increase the device performance. However, for
the Al-rich layers required for DUV-LEDs this presents great difficulties, since the Mg
ionization energy increases rapidly with the Al-content. In the work presented in Paper
I, we have achieved a RT resistivity of 7 kΩ·cm for Mg-doped Al0.85Ga0.15N grown by
hot-wall MOCVD. This should be compared to the previously achieved resistivity of
10 kΩ·cm for Al0.7Ga0.3N [38, 39] grown by conventional MOCVD.
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Chapter 4
Blue Vertical Cavity Surface Emitting Lasers
VCSELs have several advantages over edge-emitting LDs, such as circular beam-
profiles, high modulation speed at low currents, simple formation of 2D arrays, and
cost reducing on wafer-testing. VCSELs in GaAs-based materials emitting at 850 nm
are produced in tens of millions each month and are mainly used in short-range optical
data links and optical computer mice [93]. Blue and green emitting VCSELs would
be of interest for high-resolution printers, read-out-heads for optical data storage and
for bio-medical applications. To achieve blue and green emission, one must explore
other material systems, where the GaN-based system has shown to be a promising
candidate. However, realizing VCSELs in GaN-based materials is challenging due to
the difficulty of growing high reflectivity distributed Bragg reflectors (DBRs), the low
electrical conductivity of p-type GaN, and problems to achieve a high material quality
and homogeneity. To date, five research groups have realized electrically driven blue
VCSELs [8, 20, 94–96]. The performance of these are not yet comparable to GaAs-
based devices; the output powers are a factor of 10-1000 lower and threshold current
densities a factor of 2-100 times higher. In this chapter, the current state-of-the-art
of GaN-based VCSELs is reviewed and key elements in these devices and associated
challenges are discussed.
4.1 Basic Principles
As the name implies, the VCSEL is a LD with a vertical cavity, and thus emits light
from the surface of the semiconductor wafer. A schematic view of a GaN-based VCSEL
is shown in Figure 4.1. The vertical cavity is defined by two mirrors, between which
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Figure 4.1: Blue VCSEL structure using an epitaxial DBR on the n-side, a dielectric
DBR on the p-side, and a dielectric current confinement aperture. The thickness of
the QWs and TCO aperture is exaggerated for visibility.
an optical gain region is sandwiched. To achieve lasing, the gain experienced by a
mode during one round trip in the cavity needs to equal the losses. A VCSEL has
a low modal gain per round trip in the cavity compared to an edge-emitting laser
due to the small overlap between the standing optical field and the gain region in the
vertical configuration. Thus, high reflectivity mirrors (R > 99%) are required, which
are typically realized by distributed Bragg reflectors (DBRs) consisting of dielectric
materials or epitaxially grown semiconductor material. Lasing has been achieved in
electrically driven VCSELs using two dielectric DBRs [20, 94, 97] as well as using a
hybrid approach [96, 98], i.e. one dielectric and one semiconductor-based DBR.
The gain region is similar to the QW region in a blue LED structure. A stack
of InGaN QWs is placed in the center of a p-GaN/n-GaN diode. Due to the low
conductivity of nitride-based materials, an intra-cavity contacting scheme is used for
the current injection in the currently realized blue VCSELs. A current confining
aperture is formed on the p-GaN layer, and a thin transparent conductive oxide (TCO)
on top of the aperture is used for current injection and to improve the lateral current
spreading. The n-GaN layer is typically several wavelengths thick for low lateral
resistance and is used as the opposing contact.
4.2 State-of-the-Art
Performance of blue VCSELs is not yet comparable to that of GaAs and InP based VC-
SELs. There are only a few groups who have demonstrated lasing in electrically driven
devices. The best performance is achieved from a VCSEL with two dielectric DBRs
produced by Nichia Corporation (Japan) with an maximum optical output power of
0.7 mW CW emission at 451 nm at RT [8]. In the same paper they also demonstrate
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pulsed green emission at 503 nm. The blue (451 nm) VCSEL has a threshold voltage
of 3.3 V and estimated threshold current density of 3 kA/cm2. Since Nichia uses two
dielectric mirrors in their VCSELs the fabrication is fairly complicated. It requires
both wafer bonding and chemical mechanical polishing (CMP) are to remove the GaN
substrate before deposition of the second dielectric DBR. The CMP step makes it
difficult to control the cavity length accurately and thus the alignment between lon-
gitudinal resonance and gain. The same approach with two dielectric DBRs is also
used by Panasonic Corporation (Japan) to reach CW lasing at RT [94]. The threshold
current is < 2 mA for an aperture diameter of 20 µm with multiple longitudinal mode
emission centered around 407 nm and a maximum output power just above 3 µW. The
current is very low for such a large aperture, indicating a nonuniform current injection
and filamentation. The multiple longitudinal modes are due to the several micrometer
long cavity caused by the inaccuracy of the substrate removal.
Researchers at University of California, Santa Barbara (USA) have recently demon-
strated another method to fabricate blue VCSELs with two dielectric DBRs [20]. A
sacrificial layer with InGaN QWs is included at the bottom of the epitaxial structure.
This allows for substrate removal using photoelectrochemical (PEC) etching that im-
proves the control of cavity length significantly compared to CMP. In the PEC process,
a 405 nm laser is used to excite the sacrificial QWs. The devices were grown on non-
polar m-plane GaN, thereby avoiding electrical fields in the QWs, which improves the
electron-hole wavefunction overlap and thus the gain. Additionally, the devices have
a preferred polarization direction (along the [12¯10] a-direction), as is expected due to
the refractive index and gain anisotropy introduced by m-plane growth. The peak
output power of the devices emitting at 412 nm was 19.5 µW under pulsed conditions
at RT, and the threshold current was around 80 mA. Lasing was observed only locally
within the aperture.
To avoid substrate removal both optical gain region and bottom DBR can be grown
epitaxially. A group at National Chiao Tung University (Taiwan) has demonstrated
CW lasing at RT for a device with a 29 pair AlN/GaN DBR grown by MOCVD
[95]. Short period superlattices (SPSLs) were introduced in the DBR to reduce strain
problems caused by the AlN/GaN lattice mismatch. The threshold current density
was 12.4 kA/cm2 and the peak output power 37 µW.
To avoid the strain induced by the lattice mismatched AlN and GaN layers, re-
searchers at École Polytechnique Fédérale de Lausanne (Switzerland) have used a
lattice matched 41.5 pair Al0.80In0.20N/GaN bottom DBR [96]. Lattice matching al-
lows the growth of QWs with similar defect densities as in the substrate, since no strain
related defects are introduced. Current confining apertures were fabricated using SiO2
and with an alternative approach consisting of reactive-ion etching (RIE) passivation
of the p-GaN layer. Lasing was observed only in the RIE treated devices at RT under
pulsed conditions with a threshold current density of 140 kA/cm2 and a maximum
output power of 320 µW. As will be discussed in Section 4.5, the concave structure re-
sulting from the dielectric passivation is antiguiding, unlike the planar device structure
resulting from the RIE passivation approach [99].
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4.3 Transparent Contacts
The low p-GaN conductivity is a problem for all GaN-based light emitters. In bottom
emitting LEDs and edge emitting LDs, the use of metal current spreaders eliminates
the need for lateral current spreading in the p-GaN. The use of metal current spreaders
is not possible in VCSELs where they would need to be placed inside the laser cavity,
thereby causing large optical absorption loss. Instead, TCOs are used for lateral
current spreading as is also done in top emitting LEDs and liquid crystal displays.
Despite the name, TCOs absorb light, mainly through processes such as free elec-
tron absoption (FEA) and interband absorption. The absorption coefficient and elec-
trical conductivity are highly dependent on deposition and annealing conditions. The
absorption minimum for ITO, a common TCO, is near 450 nm where an absorption
coefficient αITO = 103 cm−1 is reasonable [100]. Thus, the TCO layer needs to be
thin, preferably < λ/4 so that it can be placed at an antinode of the optical field
for minimal absorption loss. Apart from ITO, other TCOs such as Ga or Al doped
ZnO [101] could also be used, but for all TCOs there is a trade-off between optical
absorption and electrical conduction. Besides low optical absorption, a low electrical
resistivity of ρ = 2 · 10−4 Ω·cm is readily achieved [100, 101].
Besides high lateral conductivity of the TCO, it must also be able to form con-
tacts to p-GaN with low resistivity and be able to withstand the high current densities
required for lasing. Unfortunately, p-GaN is sensitive to plasma damage. Surface pas-
sivation and even conversion from p- to n-type by Ar-plasma bombardment is possible
[102]. This is problematic since deposition of high-quality ITO and other TCOs is
predominately done by sputtering, which can create plasma damage. Fortunately, sys-
tems promising plasma-damage free deposition of ITO on p-GaN, such as the Evatech
Radiance, has recently been demonstrated [103, 104]. Evaporation is also a viable
option for ITO deposition [104].
Even without plasma damage the formation of ohmic contacts to p-GaN is chal-
lenging due to the low hole concentration in p-GaN and the difference in workfunction
between the n-type ITO and p-GaN. To reduce contact resistance, thin high workfunc-
tion metal layers are often used in surface emitting LEDs [105], but they do increase
the absorption loss.
A p-type TCO such as CuAlO2 [106] or NiO [107] could reduce contact resistance.
However, the resistivity of the p-type TCOs is larger than n-type TCOs [106–108].
Instead, a dual layer of TCO could be used: a thin p-type TCO to improve contact
resistance to p-GaN with a n-type TCO on top to improve the lateral transport. For
this to be effective the TCO pn-junction should have sufficient carrier densities to
form a low resistance tunnel junction. A specific contact resistivity of 3.6 ·10−5 Ω·cm2
to p-GaN was obtained using a 5 nm thick NiO layer between p-GaN and 200 nm
thick n-type TCO [109]. Unfortunately, the 5 nm NiO layer introduced an additional
absorption loss of 4.2% at 470 nm.
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Another interesting alterative to reduce the contact resistance is the use of a thin
strained InGaN cap layer between the TCO and p-GaN. This utilizes the inherent
polarization effects in nitride semiconductors to reduce the tunneling barrier length
and help with the formation of ohmic contacts [110]. A highly doped InGaN layer was
used to improve the ITO contact in [95].
Graphene has recently emerged as a viable alternative to replace TCOs. A single
layer of graphene could offer similar sheet resistance (< 50 Ω/) and transparency
(2.3%) as a thin ITO layer [111–114]. The comparatively very thin graphene layer
could then be placed exactly at the antinode of the optical field for negligible ab-
sorption. Although graphene has a similar workfunction as ITO, the Fermi level and
consequently carrier concentration can, due to the low density of states, adapt to the
material it is in contact with [115]. This could help in forming low resistance contacts
to p-GaN without using metal layers.
The electrical and optical properties of graphene depend on the quality of the
graphene layer, in perfect graphene the transparency T is given by the fine structure
constant (α ≈ 1/137) where T ≈ piα = 2.3% in the visible [112]. Nearly perfect
graphene with mobility of more than 15 000 cm2/(V·s) can be obtained by exfoliation
of graphene flakes from bulk graphite [113, 116]. However, the flakes are typically
small and the process is not suitable for industrial production. Alternative methods
to grow graphene are e.g. growth by catalytically enhanced chemical vapor deposition
(CVD) on metal substrates such as Cu [117, 118] or by high temperature annealing
of SiC substrates [119, 120]. The benefit of CVD grown graphene is that it can be
released from the Cu substrate relatively easily and thereafter transferred to devices
or test structures [121].
Graphene has been examined for use as a transparent current spreader for GaN-
based LEDs [122–126]. In these studies the graphene layer was placed between a metal
bondpad and the p-GaN surface. Although current spreading was observed in the
graphene layer the possibility that the bondpad contacted the p-GaN surface through
the graphene layer cannot be excluded. The inclusion of metal either as a dopant into
the graphene layer or as a thin interlayer (1-2 nm) at semiconductor surface was used
to increase the conductivity and to improve the contact to p-GaN [123, 126].
In Paper V we have examined the use of metal-free graphene as a transparent elec-
trode for GaN-based light emitters. Single-layer CVD graphene grown on Cu foil was
released by a electrolytic process and mechanically transferred to the samples [121].
The transfer was repeated to achieve dual-layer graphene. We were able to achieve
lateral current spreading using single-layer graphene, see Figure 4.2a. The maximum
current density for single-layer graphene, seen in Figure 4.2b, of 300 A/cm2 could be
increased to 1 kA/cm2 by using dual-layer graphene. This is close to the threshold
current density required for GaN-based VCSELs (3 kA/cm2 [8]). The contacts exhib-
ited a non-linear current-voltage dependence and degraded rapidly during operation.
The sheet resistance of the CVD grown graphene was approximately one order of mag-
nitude larger than the than what should be possible when comparing with exfoliated
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Fig. 3. Comparison of current density for metal (dashed) and graphene
(solid) contacts to LEDs with different aperture diameters.
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Figure 4.2: (a) A transparent graphene electrode is used to drive a 100× 100 µm blue
LED. (b) Current density as function of bias voltage for circular LEDs with different
aperture diameters. Both metal (dashed) and single-layer graphene (solid) electrodes
were used. With increased current density and forward bias the graphene contact is
destroyed, as seen from the rapid decrease in forward current.
graphene flakes [116].
Although promising, the results suggest a need for improved contact reliability
and reduced contact resistance. The use of a protective dielectric coating such as hBN
[127] or metal oxides [128] could be used to increase contact reliability and improve
graphene characteristics. Alternatively to reduce the contact resistance interesting
approaches are using direct growth of graphene on the p-GaN surface, doping, or the
use of contact enhancing interlayers similar to those discussed earlier for TCO contacts.
In the interim though, the proved ITO contact seems a more viable choice.
4.4 Distributed Bragg Reflectors
A DBR consists of a stack of layers with alternating refractive index. The reflectivity
for a specific wavelength is maximized when the thickness of each layer corresponds
to a quarter of the optical wavelength in that layer. Constructive interference causes
the reflections at each interface to add up in phase and yield an overall very high
reflectivity. The total reflectivity increases with the number of pairs and the refractive
index difference between the layers. A high refractive index contrast also increases the
stopband of the mirror, i.e. provides high reflectivity over a broader wavelength range.
The materials in the DBR can be dielectrics or epitaxially grown semiconductors.
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The mirror on the p-doped side of electrically driven GaN-based VCSELs have so
far been dielectric, since a TCO has been used between the mirror and the top p-GaN
layer to improve lateral current spreading across the aperture. A dielectric mirror
also provides a larger bandwidth, which facilitates the spectral matching between
gain, cavity resonance and mirror reflectivity. The dielectrics used vary but the low
index material is typically SiO2, whereas different high index dielectrics such as Ta2O5
[20, 95, 97], TiO2 [96], HfO2 [129] and ZrO2 [94] have been used for blue DBRs.
Although only a few (8-10) periods are required for high reflectivity, the thermal
conductivity in dielectrics is low compared to epitaxially grown layers. The use of two
dielectric DBRs could therefore make devices more susceptible to overheating.
On the n-side of the VCSEL, both dielectric and epitaxial materials have been
used. By using an epitaxially grown mirror, the epitaxial growth becomes more com-
plicated while device processing is simplified. For epitaxial DBRs, both lattice matched
Al0.8In0.2N/GaN [96] and strained AlN/GaN [95] DBRs have been successfully used in
blue VCSELs. The use of lattice matched Al0.8In0.2N and GaN layers enables growth
of DBRs without strain introduced defects and dislocations but requires precise control
of the growth conditions. The best results were reached using MOCVD [130, 131], but
MBE has also been used to grow crack free AlInN/GaN DBRs [132, 133]. Due to the
low refractive index difference, 41.5 pairs were used in the MOCVD grown VCSEL [96].
For the binary AlN/GaN DBR, fewer pairs are required to reach the same reflectivity
due to a larger refractive index difference. 29 pairs were used to achieve a reflectivity
above 99% [95]. However, the strain will need to relax either through formation of
dislocations or cracks. Dislocations can be tolerated to a remarkably high extent in
blue InGaN-QWs [134] but are detrimental to laser lifetime [135]. Crack free growth
is, on the other hand, needed both for the formation of a functional active region, with
electrically pumped QWs, and for high reflectivity DBRs with low optical losses.
Most device structures are grown on GaN templates on sapphire substrates, or
recently on bulk GaN substrates with low dislocation densities. This is problematic
for growth of epitaxial DBRs with AlN or AlGaN as the low index material. The lower
lattice constant compared to GaN in these layers leads to tensile strain buildup in the
structure that is often released by crack formation. To cope with the introduced strain,
SPSLs have been used [95]. Alternatively, for growth on SiC substrates, both GaN
and AlN layers are compressively strained. Crack-free growth of AlN/GaN DBRs
is possible without the insertion of additional strain compensating layers. A strain
balanced state where GaN layers are compressively strained and AlN layers tensile
strained for a residual net stress close to zero is reported [136]. The strain balance is
attributed to only partial relaxation of the first layers in the DBR.
Using MBE we have grown a 22.5 period AlN/GaN DBR on SiC a with strain
balancing SPSL inserted in every fifth pair. Although no strain compensating layers
were needed for crack-free growth on 6H-SiC [136], we found that the inclusion of
SPSLs improved growth quality so that crack-free growth was obtained on 4H-SiC. A
cross-sectional scanning electron microscopy (SEM) image of part of the DBR is shown
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Figure 4.3: (a) Measured and simulated reflectivity as a function of the wavelength for
a 22.5 pair AlN/GaN DBR with intermediate SPSLs grown by MBE. (b) SEM image
showing some of the DBR periods, the one in the center contains a SPSL. The bright
fields are GaN and the dark fields AlN. Layer thicknesses are indicated. A part of the
SPSL is enlarged.
in Figure 4.3b. The AlN/GaN SPSL insertion in one GaN layer is shown in the center
of the image. The layers are homogeneous with sharp interfaces up to the surface of
the DBR as are seen in the SEM image. This is supported by atomic force microscopy
(AFM) scans of the top surface, shown in Figure 4.4, where stepflow growth morphol-
ogy is visible. The screw type dislocation density is estimated at 2 · 109 cm−2, which
is fairly large when considered for use in the active region of a LD, but it is reasonable
compared to what can be expected for AlN/GaN heterostructures. As can be seen
in Figure 4.3a, the maximum measured reflectivity is slightly above 100%. This is
clearly unphysical, with the slight overestimation of the peak reflectivity most likely
caused by a slightly lower reflectivity of the Si reference than expected. A simulation
of the DBR structure is also included, where it can be seen that the bandwidth of the
measured reflectivity is slightly smaller than the simulated bandwidth. This can be
caused by, for instance, thickness variations in the grown layers, or an incorrect thick-
ness of the layer pairs with SPSL. However, taking the experimental uncertainties into
consideration there is a fairly good agreement between measurement and simulation,
especially when considering the overlap between reflection peaks in the tail extending
into the visible region.
With epitaxial DBRs there is a potential advantage if they can be made sufficiently
conductive so that the lower intracavity contact can be replaced by the bottom DBR.
The cavity length would be significantly shorter, since the thickness of the highly
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Figure 4.4: (a) 5 × 5 µm AFM scan showing stepflow growth morphology on a MBE
grown 22.5 pair AlN/GaN DBR with intermediate SPSLs. (b) Closeup on a cluster
of three screw type dislocations. A dislocation density of 2 · 109 cm−2 was estimated
from the 5× 5 µm scan.
doped n-GaN layer below the QWs could be reduced. The large FEA in this layer,
that is situated in the area with the highest optical intensity of the laser, could then
be avoided, albeit with an increased FEA in the bottom DBR. The device design
and processing would also be simplified by combining the conductive DBR with a
conductive substrate contacted with a bottom contact, thereby avoiding the need
to etch through the active region for contact formation. Additionally, the current
crowding effects in the n-GaN contact layer would be avoided. Conductive n-type
DBRs have been demonstrated [136, 137], but the specific resistivity of 2 · 10−3 Ω·cm2
is somewhat too large for this to be a viable alternative compared with the current n-
GaN intracavity contacts. To reduce the resistance, the large conduction band offset
between AlN and GaN could be softened by using compositional gradings, such as
thin Al0.5Ga0.5N inter-layers, SPSLs, or even sinusoidal modulation of the material
composition [138]. The AlN layers could also be replaced by InAlN layers or AlN/GaN
SPSLs with a increased conductivity compared to AlN, through the formation of a
conductive mini-band. However, the lower refractive index contrast in such structures
would require more periods in the DBR.
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4.5 Lateral Current Confinement
An aperture confining current to the center of the device is needed in VCSELs, to
achieve sufficiently large current densities to obtain gain at low bias currents. Prefer-
ably, the aperture should also confine the optical field to increase the overlap between
the optical mode and the gain region. In GaAs-based VCSELs, an oxide aperture
formed by selective wet oxidation of a high Al mole fraction AlGaAs layer is used with
high reliability [139]. This is advantageous since the reduced refractive index of the
oxide also contributes to the confinement of the optical field. It also allows the whole
epitaxial structure to be grown in a single run since the aperture layer is inserted into
the epitaxial stack during the growth. Other techniques such as proton implantation,
regrowth and buried tunnel-junctions have been explored in other material systems
where the inclusion of a selectively oxidized AlGaAs layer is not possible.
For AlGaN-based devices, apertures formed by selective oxidation of AlInN have
been demonstrated [140, 141]. However, the differential resistance of LEDs increased
with the introduction of the n-type AlInN layer. The LEDs were driven with current
densities up to 20 kA/cm2, which could allow the threshold current density required
for lasing to be reached. Combining the oxidized AlInN aperture with a epitaxial
lattice-matched AlInN/GaN DBR is potentially problematic since the layers in the
DBR would be oxidized simultaneously with the aperture.
An alternative to selective oxidation is regrowth, which has been demonstrated
for MOCVD grown edge emitting LDs. Two regrowths were required to introduce a
MBE-grown resistive Al0.83In0.17N current confining aperture in the p-Al0.06Ga0.94N
cladding layer [142]. The edge-emitting laser diodes had threshold current densities
slightly larger than 3 kA/cm2. As an alternative to the resistive Al0.83In0.17N layer, an
insulating AlN layer could be used. A blue microcavity LED has been demonstrated
with a buried AlN current aperture that was formed by epitaxial regrowth [143].
The regrowth process is fairly complicated and risks introducing optical losses, and
increasing the electrical resistance. But, regrown apertures could still be of interest as
current confining apertures for blue VCSELs, for instance if p-conductive DBRs could
be realized.
So far, patterned SiO2 has mainly been used as current confining aperture in
AlGaN-based VCSELs. Due to the aperture, the transparent contact and DBR above
will become somewhat concave as can be seen in Figure 4.1. This can result in an anti-
guiding device structure with significant optical leakage loss [99]. Preferably, a slightly
convex DBR should be used for improved optical confinement. Despite their theoretical
disadvantage, anti-guiding apertures are used in state-of-the-art blue VCSELs [8].
An alternative way to create a current confining aperture that does not result in
a concave top DBR is to electrically passivate the p-GaN by RIE treatment [96]. The
lithography used to define the RIE induced aperture could in an additional step be
used for the patterning of a thin p+-InGaN or NiO layer that could reduce the contact
resistivity of the TCO. An additional benefit with this approach would be that the
device becomes slightly convex, thereby improving the lateral optical confinement.
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Quantum Cascade Lasers
Nitride based QCLs have not yet been demonstrated. However, with other material
systems the QCL has in recent years become an important laser source for emission
in the mid and far IR. In this chapter, the operating principle and major applications
of QCLs will be discussed, followed by a discussion of AlGaN based QCLs.
5.1 Operating Principle
The QCL is an intersubband (ISB) device. This means that all transitions take place
in either the conduction or the valence band. Consequently, the QCL only requires
one type of carriers and is therefore a unipolar device. The conduction band is nearly
always used, removing the need for p-type doping. The concatenation of multiple thin
QWs allows the wavefunctions of the QWs states to overlap, forming a closely spaced
set of energy states, a mini-band. By adjusting the dimensions and spacing between
coupled QWs, the ISB transition energy can be engineered for ISB absorption or gain
at a particular wavelength.
The gain region, see Figure 5.1, consists of gain stages connected by transport
stages. Both gain and transport stages typically consist of several QWs, albeit with
different well/barrier spacing. The stages are designed in such a manner that electrons
can tunnel into an excited state of the gain stage (level 3) and then, after a stimulated
emission process into a lower energy state (level 2), tunnel out into the next transport
stage, often with the help of an optical phonon (to level 1). The electron then proceeds
through the transport stage towards the next gain stage where it enters into the excited
state of that gain stage. In this manner, a cascading structure is created where each
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Figure 5.1: Illustration of a QCL active region design. Here, the gain stages consist of
three coupled QWs with three energy levels. The lasing transition is between levels 3
and 2. Level 3 is populated by tunneling through the miniband of the first transport
stage. The lower lasing state (level 2) is quickly depleted by an optical phonon assisted
transition into level 1. Electrons in level 1 then tunnel through the miniband of the
second transport stage where they gain energy relative to the conduction band edge as
they approach the next gain stage. The strong polarization fields inherent to AlGaN-
QCLs grown on polar c-plane substrates are not included.
electron passing through the device can generate several photons. At a certain injection
rate, ISB population inversion and optical gain are achieved [144].
The ISB operation gives large freedom in the obtainable lasing wavelength. This
is because the dependence on the material bandgap associated with interband lasers
is removed. Instead, the lasing wavelength is determined by the width and depth of
the QWs, thereby allowing different wavelengths by small design changes.
The electron recycling in the multiple gain stages makes the drive current required
for a given output power lower than for diode lasers. The required drive voltage is, on
the other hand, higher due to the multiple gain stages. Notably, the WPE of QCLs
was initially low, < 1%, but recently a WPE of over 50% was reached at up to 9 W
optical output power at 5 µm for a InP-based QCL [145, 146]. However, GaAs-based
interband CW LDs at 940 nm can have WPE over 75% at RT with 100 W output
power [147].
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5.2 Applications
InP-based QCLs with more than 100 mW CW output power at RT have been demon-
strated in the wavelength range 3.8-11.5 µm [148]. This is a wavelength range where
most molecules have characteristics absorption lines. Consequently, monitoring and
measurement of trace gases is a key application for QCLs.
The detection is usually done by tuning the wavelength of the QCL over the vibra-
tional and rotational absorption lines of the molecule of interest. Wavelength tuning
can be achieved by changing the temperature (slow) or bias current (fast), but often
both simultaneously. The laser light is transmitted through the gas sample, and the
intensity after transmission is detected. By analyzing the wavelength dependence of
the absorption, the trace gases and their concentrations can be determined [149].
Generally, smaller molecules have higher rotation and vibration frequencies than
larger molecules and they are consequently absorbing at shorter wavelengths. As will
be discussed in Section 5.3, the use of III-nitrides can potentially allow QCL operation
at shorter wavelengths than what is possible with conventional materials. This would
allow for increased detectability of trace amounts of smaller molecules such as HCl
(λvib = 3.34 µm) and HF (λvib = 2.42 µm) [150].
Operation at shorter wavelengths could also enable the QCL to be used in telecom
applications. Due to the symmetry of the ISB gain spectrum, the laser can be mod-
ulated essentially without chirp, which reduces the optical pulse broadening due to
chromatic dispersion in optical fibres. The linewidth of a QCL can also be very small,
with linewidths of 12 kHz being reported [151]. The low linewidths are attributed
to the low refractive index dependence on population inversion fluctuations in QCLs,
compared to interband LDs [151]. The results in the appended Paper II show that
the ISB transition energy of AlN/GaN QWs has a very weak temperature dependence,
corresponding to a wavelength drift of only 38 pm/K. This is an order of magnitude
lower than the wavelength drift of 1.55 µm InP interband lasers (≈ 400 pm/K) [152]
and could potentially remove the requirement for active temperature control.
Long wavelength QCL operation for THz applications is also possible. For instance,
a 100 µm (≈ 3 THz) GaAs-QCL has been demonstrated [153]. Potential applications of
such lasers are imaging for security and medical purposes. However, current THz QCLs
can only operate at cryogenic temperatures, mainly limited by the small longitudinal-
optical (LO) phonon energy (≈ 36 meV). The larger LO-phonon energy (≈ 90 meV)
of the III-nitrides could allow RT QCL THz-lasing [154]. Using a GaN/AlGaN QCL
structure, ISB related EL at 2.7 THz at 7 K has been demonstrated [155].
5.3 Limiting Effects at Short Wavelengths
The first QCL employed InGaAs/InAlAs QWs grown on an InP substrate and oper-
ated at a wavelength of 4.2 µm [144]. Today, RT lasing has been demonstrated at
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wavelengths as short as 3.0 µm using Ga0.21In0.79As wells and Al0.89In0.11As barri-
ers on an InP substrate [156]. At cryogenic temperatures, wavelengths of 2.63-2.65
µm have been demonstrated with InAs/AlSb QWs grown on InAs substrates with
operation at temperatures up to 175 K [9].
Presently, the physical effect that is the main obstacle for reaching shorter wave-
lengths is carrier leakage into the L-valley in the InAs QWs. The offset between Γ- and
L-valley energies in InAs is 0.73 eV, which limits the separation between the upper
laser level and the bottom of the QW [9]. Although it has been suggested that it might
be possible to reach lasing at even shorter wavelengths, given that the intervalley scat-
tering time can be comparable to the electron lifetime in the upper lasing state [157],
for efficient lasing the remote valleys have to lie above the upper lasing level.
For the AlN/GaN QCL, the remote valleys of GaN are therefore expected to be
the factor limiting the shortest obtainable wavelength. In theoretical calculations of
the bandstructure, the obtained remote valley separation varies somewhat, from 2.1
eV [158] to 1.6 eV [159]. Using pump-probe spectroscopy, the remote valley separation
separation was measured to 1.12 eV [160] and 1.34 eV [161] and recently a photoexcited
field emission measurements gave a value of 1.18-1.21 eV [162]. Using the smallest
value, 1.12 eV, as the maximum energy of the upper state in a three level laser, the
shortest obtainable wavelength for an AlN/GaN based QCL can be predicted. In a
very crude approximation, all of the excess remote-valley energy-separation can be
used to increase the photon energy, thereby making it 0.39 eV larger than that of an
InAs/InSb QCL. The resulting lower limit of the lasing wavelength then becomes 1.45
µm.
For a more accurate estimation of the lower wavelength limit, the design of the
gain region of the AlN/GaN QCL needs to be taken into consideration. The large
optical phonon energy increases the optimal separation between the two lower laser
levels slightly. The effect of strain on the remote valley separation also has to be
considered. In addition, the inherent polarization fields could potentially also reduce
the shortest obtainable lasing wavelength due to the tilt of the conduction band in
the QWs. Still, the measured remote valley separation is significantly larger in GaN
than in InAs, making it likely that QCLs with wavelengths shorter than 2.6 µm can
be realized using the III-nitrides, potentially even reaching telecom wavelengths (1.55
µm).
5.4 Waveguide Design
In the design of a laser, the waveguide that confines the optical energy to the active
region with optical gain is one of the most important elements. Quantitatively, this
is expressed by the optical confinement factor. For interband lasers, it is defined as
the normalized overlap integral between the mode intensity and the QWs (the gain
elements). However, for QCLs it is common to define the gain region as the whole QCL
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stack, effectively smearing out the gain from the region with gain onto the transport
regions between the active gain elements. This definition is useful since it allows for
easy separation of the design of the waveguide and the design of the gain structure.
The other more physically correct alternative is to define the confinement factor as
the overlap with the reaction cross-section of the wavefunctions in the QWs where
the transitions providing optical gain occur. But as the reaction cross-section of the
gain elements is strongly dependent on the design of the QW structure, the latter
definition requires the confinement factor to be recalculated for each modification of
the gain structure.
Apart from good optical confinement, the waveguide should also have low optical
loss to limit device heating and power consumption. For e.g. telecom applications it
is also of importance that the waveguide only supports the fundamental spatial mode.
The guided mode profile should also match the mode profile of the single mode optical
fiber for efficient coupling.
The optical mode needs to be confined both vertically and horizontally. Initially,
we limit the discussion to the vertical confinement which is more difficult to achieve in
AlGaN-based QCLs compared to QCLs in more conventional III-V semiconductors.
For InGaAs/InAlAs based QCLs, the lattice matched InP substrate and a cap
layer of InP are used as waveguide cladding layers and current injection and extraction
layers. For GaAs/AlGaAs based QCLs, optical confinement is obtained using a thick
high Al fraction AlGaAs layer grown on the GaAs substrate [163] or by using a heavily
doped GaAs substrate with the real part of the refractive index lowered by a plasmon
resonance [164]. For InAs/AlSb based QCLs, the waveguides are also based on plasmon
resonances using a heavily doped InAs substrates with InAs/AlSb spacer layers [165].
If we now consider an AlGaN-based QCL for emission at 1.55 µm, with GaN
QWs and AlN barriers (and possibly AlGaN layers in the transport stages), the mean
refractive index of the gain region is between those of the two limiting compositions of
AlN and GaN. The refractive index of AlN is lower than that of GaN, so it is possible
to use AlN layers as cladding layers. However, there is a significant drawback with
this approach since the conductivity of n-doped AlN is very low. The resistive losses
incurred in the waveguide cladding layers make such an approach quite unfeasible for
a device where electrical pumping is required.
The approach used for the InAs/AlSb [165] and AlGaAs/GaAs [164, 166] based
QCLs, to heavily dope cladding layers to reduce the refractive index by means of plas-
mon resonance, could be another possibility. It requires that GaN can be sufficiently
doped so that the refractive index is reduced enough below that of the equivalent Al-
GaN core. Some theoretical investigations have been performed [167], showing that
with an electron concentration of 1 · 1020 cm−3 the complex refractive index of GaN
at 1.55 µm becomes 2.11 + i0.011, close to that of AlN. In a waveguide using such
n++-GaN cladding layers, the resulting free electron absorption is expected to cause
quite significant losses. The calculated waveguide loss is 230 cm−1 at 1.55 µm [167],
unfortunately a rather significant waveguide loss.
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(a) (b)
n-AlGaN Gain region SiO2 ZnO Metal
Figure 5.2: (a) The waveguide proposed in Paper III, which allows the guiding of a low
loss TM polarized mode (white ellipse) in the region to the right of the metal contact.
(b) The waveguide described in Paper IV, which allows the guiding of a low loss TM
polarized mode (white ellipse) in the region beneath the ZnO contact.
In this work, two alternative waveguide designs are therefore investigated. Both
allow for low-loss, single mode guiding with good optical confinement while allowing
current injection into and out of the gain region. The designs are shown in Figure 5.2.
In Paper III a waveguide design (Figure 5.2a) which avoids the conduction prob-
lem of AlN by using a nonconductive dielectric coating (SiO2) for the vertical mode
confinement from above and the substrate (sapphire) from below is presented. The
current is injected laterally through a contact metallization in an opening in the di-
electric. In the paper we show that the mode loss is fairly low, although the optical
mode is in direct contact with the ohmic metal contact. For this waveguide, the simu-
lated metal induced loss for the guided TM-like mode is 6.1 cm−1 with a confinement
factor of 52%. A sapphire substrate was chosen due to its low refractive index of 1.746
at 1.55 µm [168]. Other potential substrates with suitable refractive indices are AlN
(n = 2.1 [21]) and ZnO (n = 1.93 [43]). Unfortunately, SiC (n = 2.6 [169]) and GaN
(n=2.3 [21]) have refractive indices that are too large.
The waveguide design in Paper IV (Figure 5.2b) removes the need for the lateral
current injection. Instead, a conductive and transparent ZnO layer is used as the top
cladding layer. We also show that by using a 2 µm thick AlN lower cladding layer, a
SiC substrate can be used without introducing significant radiation leakage loss to the
substrate. Waveguide properties were examined for core regions with average AlGaN
mole fractions ranging from 25 to 75%. Losses due to FEA were accounted for and a
single TM-mode design with a 40% confinement factor and 39 cm−1 loss was identified
and examined in more detail.
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5.5 Cavity Mirrors
Aside from waveguide losses, the losses in the cavity mirrors are often significant in
diode lasers and QCLs with cleaved mirrors. Due to the low refractive indices of GaN
and AlN at 1.55 µm (Figure 2.2) mirror losses are expected to be large for AlN/GaN
QCLs. Given a reasonable mode index of 2.2, the power reflectivity of an ideal cleaved
facet is only 14%.
To achieve ideal facets, cleaving of the epi-structure along crystal planes is generally
considered to be the best method. The cleaving is done to obtain an atomically flat
surface perpendicular to the laser waveguide. Most GaN based lasers are grown on
sapphire substrates. Unfortunately, the crystal planes of the substrate and epi-layers
are misaligned in this configuration, making reproducible cleaving of atomically flat
mirrors very challenging [41]. With new substrates such as GaN and AlN emerging,
the cleaving of laser mirrors becomes feasible.
Dry etching of the mirror facets can be a more reproducible option for lasers grown
on sapphire substrates. The mirrors will, however, be rougher than perfectly cleaved
facets and thus suffer from increased scattering losses. Losses will also increase if
the facets are non-vertical. Both effects are inherent in dry etched mirrors but can
be reduced by optimizing the etch mask, process chemistry and plasma power levels
[170, 171]. With the longer emission wavelength of a NIR-QCL, the influence of surface
roughness is less significant than for a laser in the visible.
Another process that can yield high quality mirrors is focused ion beam milling.
This is a mechanical process were an ion beam is used to sputter away material. The
process is not suitable for mass fabrication since only one device can be processed at
a time [172].
Wet etching of AlGaN materials is almost impossible with most acids. However,
it is possible to etch both GaN and AlN using heated KOH. This etchant is selective
with respect to the crystal planes, making it possible to use it to reduce the roughness
of a dry etched mirror [173].
The deposition of a dielectric coating on the mirror surface can be used to increase
or decrease the mirror reflectivity. In all likelihood, a dielectric high reflectivity coating
is required to reduce the mirror losses for AlGaN based QCLs.
To further reduce the mode loss, a distributed feedback (DFB) structure can be
introduced along the waveguide, for instance by etching of a grating into the waveguide
ridge. This will eliminate the need for highly reflective cleaved mirrors and at the
same time enable the single longitudinal mode operation needed for many applications.
When estimating the required threshold current in Paper IV, the use of a DFB grating
is assumed to reduce the modal losses, from the 20 cm−1 that would arise from the
cavity mirrors for a 1 mm long QCL, down to 11 cm−1.
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Chapter 6
Epitaxial Growth and Device Processing Methods
Epitaxial growth and device processing methods for III-nitride semiconductors are
similar to those for other semiconductors. Some adaptation is needed because of the
large chemical inertness, mechanical hardness and optical transparency. Initially, the
most common epitaxial growth and substrate preparation methods will be described,
followed by some important device processing methods.
6.1 Epitaxial Growth and Substrate Preparation
The first step when an optoelectronic device is produced usually consists of epitax-
ial growth. The substrate, is overgrown with a semiconducting material under such
conditions that it crystallizes, layer by layer, on the substrate. This process is called
epitaxy. The substrate can be of the same material as the deposited semiconduc-
tor (homoepitaxy) or of a different material (heteroepitaxy). The huge technological
importance of epitaxial growth stems from the ability to change the material compo-
sitions and doping levels during the growth, thereby forming a crystal consisting of
layers of different semiconductors (heterostructures), with sharp interfaces, and with
the conductivity controlled by the introduction of dopants. This has enabled advanced
devices such as the laser diode.
The growth conditions ultimately affect the composition of the materials and the
surface chemistry. These growth conditions must be maintained under precise control
to yield high-quality crystals. The conditions differ between different semiconductors,
and growth methods. In general, the substrate temperature is elevated to give the
surface ad-atoms enough energy to migrate to an energetically favorable lattice site.
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The growth methods differ in the way atoms are supplied to the growth surface, and
thereby in the optimal growth temperature. In the following sections some technologies
relevant for the growth of III-nitrides will be described.
6.1.1 Substrate Preparation Techniques
Although substrates are grown from a seed crystal, the requirements are different from
the growth of epitaxial layers for device fabrication. It is sufficient to be able to grow
a single semiconductor material, and, although preferable, selective control of carrier
concentration is not always required. Since substrate growth requires large crystals
to be formed, a high growth rate is desirable. It is also important to be able to grow
crystals with low defect densities, and without macroscopic defects.
Two substrate growth methods were mentioned in Section 2.5: PVT and am-
monothermal growth, suitable for AlN and GaN, respectively. Complementing these
two methods is the HVPE growth method, capable of both AlN [174, 175] and GaN
[176] growth.
HVPE has a high growth rate and has been used to grow low defect density GaN
templates on sapphire [177, 178]. Also, high-quality crack-free AlN templates on sap-
phire have been grown [179]. HVPE can also be used to grow thicker layers, free-
standing GaN templates, and boules [180]. In the HVPE reactor, group-III metals
are usually supplied by flowing hot gaseous HCl over molten Al or Ga, forming GaCl
or AlCl. When the hot metal-chloride gases are mixed with ammonia (NH3), at an
even higher temperature, epitaxial growth of AlN or GaN takes place. A typical GaN
growth temperature is 1050-1100 ◦C [180]. Dopants such as Fe, Mg, or Si can be in-
cluded during growth. Although the growth speed can be adjusted for growth of thin
layers, and several metal sources can be used to grow subsequent layers with different
alloy compositions so that device structures can be grown, HVPE growth is generally
considered to be more suited for growth of thick templates and boules for substrate
fabrication than for growth of device structures.
PVT is a method suitable for growth of AlN boules. AlN powder and N2 gas is
heated to about 2100 ◦C in a TaC or W crucible [52, 181]. AlN then crystallizes on
a seed crystal in the lid of the crucible when the temperature gradient is properly
adjusted [52]. Incorporation levels of C and O impurities on the order of 1019 cm−3
each were observed [52].
The ammonothermal growth of GaN can produce high quality substrates. This
method utilizes a solubilizing agent or mineralizer to allow a GaN feedstock to dissolve
in supercritical ammonia and then recrystalize in another part of the growth vessel,
due to a temperature gradient. The process can occur under basic, acidic, or neutral
conditions depending on the mineralizer used [180]. The growth takes place at 0.1-
0.3 GPa, and at 500-600 ◦C [48]. Growth rate is relatively low, roughly 10 µm/h, but
hundreds of crystals can be grown simultaneously [48].
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6.1.2 Metal-Organic Chemical Vapor Deposition
The majority of epitaxial III-nitride growth is done using MOCVD. This technique
allows growth on several wafers simultaneously with good uniformity, for example the
CRIUS II-XL MOCVD system from Aixtron handles 19× 4 inch wafers [182].
While there are slightly different designs of MOCVD systems, the basic principles
are similar. A carrier gas, typically H2 or N2, is used to dissolve and transport a vapor
of metal-organic (MO) molecules, e.g., trimethylgallium (CH3)3Ga, and triethylalu-
minium (CH3)6Al2 from a solid or liquid source, to the surface of the substrate. The
elevated temperature of the substrate causes the MO molecule to break apart or crack,
releasing the metal atom at the surface while the CH3 radicals are pumped away. Ni-
trogen is supplied from ammonia (NH3). The ammonia also dissociates at the surface
releasing nitrogen atoms that react with Ga or Al and form GaN or AlN. For dopants,
silane (SiH4) and bis(cyclopentadienyl)magnesium [(C5H5)2Mg] are used for (n-type)
Si- and (p-type) Mg-doping, respectively.
For the growth of Mg-doped Al0.85Ga0.85N in Paper I, a hot-wall MOCVD system
was used with a growth temperature of 1100 ◦C. The hot-wall system was originally
developed for SiC growth and allows high growth temperatures (≤ 1600 ◦C). The
term hot-wall refers to the heating of the chamber walls in addition to the substrate.
This results in a more uniform temperature distribution, more efficient cracking of the
precursors, and reduced substrate bowing compared to a cold-wall chamber, in which
the substrate is heated only from below [183, 184].
6.1.3 Molecular Beam Epitaxy
MBE allows very rapid transitions in material composition and doping type/level and
sharp interfaces. MBE growth uses pure materials and requires ultra-high vacuum. A
typical base pressure in a clean system is in the low 10−10 Torr [185].
For III-nitride growth, nitrogen can be supplied from a plasma source or through
injection of ammonia (NH3). Our system is equipped with a plasma source. The
metals are supplied from temperature controlled crucibles containing source materials.
Mechanical shutters in front of the crucibles are rapidly opened and closed to turn the
beam of atoms emitted from the crucibles on and off. The beam flux is controlled by
the source temperature. The rapid shutter action allows for very sharp interfaces with
atomic layer precision.
In growth of AlGaN compounds, the growth is typically performed under metal
stable growth conditions where a film of a few monolayers of metal floats on the surface.
Nitrogen atoms from the plasma source enter the metal and bond to the metals on
the growth front. Since an excess of metal is present on the surface, the growth rate
is controlled by the nitrogen flux from the plasma source (N-stable). The plasma is
needed to activate the N2 molecules since the growth temperature (700-800 ◦C) is not
sufficiently large for N2 molecules to crack at the growth surface.
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6.2 Activation Annealing
Parts of the carrier gas used in MOCVD growth are incorporated in the crystal lattice.
As mentioned in Section 6.1, H2 is often used as a carrier gas and is also present in
the MO precursors. Thus, H will be incorporated in MOCVD grown material. The
H atoms passivate the Mg acceptors and significantly reduce the hole concentration
and therefore also the p-type conductivity [12]. For MBE growth, H incorporation is
much lower due to the elemental source materials used and the passivation can thus
be avoided. However, atomic H can be introduced to increase the Mg incorporation
[186], at the expense of passivation.
For MOCVD grown material the H that passivates the Mg acceptor atoms needs to
be removed to obtain conductive material. This is achieved through high temperature
annealing around 700 ◦C in N2 [12, 187], which is the currently preferred method. The
activation annealing can damage the p-GaN crystal surface due to dissociation of GaN
at temperatures above 800-850 ◦C in vacuum, [188]. Therefore, care must be taken to
control the annealing temperature. The segregation can be suppressed by annealing
under high N2 pressure [12, 189].
6.3 Photolithography
Conventional photolithographic processes are described in detail in most books on
fabrication methods, e.g. [190]. In essence, a pattern is imaged onto a photosensitive
film (photoresist) by illumination with a Hg-based UV lamp. Subsequent development
of the photoresist allows the formation of a resist pattern that is used in following
process steps.
Due to the wide bandgap of the III-nitrides, the UV light from the lamp is not
sufficiently absorbed in the semiconductor material, thereby complicating the pho-
tolithography process. To limit the impact of this effect, exposure times should be
kept short so that the exposure dose from reflections in the wafer and the mask-aligner
is minimized. It is also recommended to use a chuck with a UV absorbing coating.
This effect is especially noticeable with image reversal resists and if frame exposures
are attempted. The unwanted exposure dose can further be reduced by altering the
mask design to include more dark fields.
6.4 Dry Etching
The strong covalent bonds and chemical stability of the III-nitrides make them almost
impregnable for wet-chemical etching. Dry etching techniques are instead used for
the formation of mesa recesses and material removal. The dry-etch processes used for
AlGaN etching in the work leading up to this thesis were based on Cl/Ar plasmas.
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The optimization of process chemistry and plasma powers used is done to allow the
formation of smooth and vertical facets.
The etch reactor used allows the control of two RF power sources to excite the
plasma in different ways. One that couples inductively to the plasma and one that
couples capacitively to the wafer table. By adjusting the power ratios, the velocity
and density of ions impinging on the wafer can be adjusted. More inductively coupled
power gives a more isotropic etch while a increase in the capacitively coupled power
results in a more anisotropic etch. When dry-etching GaN and AlN, pits or pillars
are often created at defect sites where the etch can be faster or slower than on the
surrounding surface, depending on process conditions. Pillars are usually formed if
the capacitive power is too large and pits if the inductive power is too large [191].
6.5 Dielectric Deposition
Dielectric materials are often used to protect the surface of semiconductors and to
provide isolation, allowing the placement of metal bondpads and conductors above
areas that should not be contacted. Several dielectrics and deposition methods exist.
Two common dielectrics are SiO2 and Si3N4. They can be deposited by methods such
as sputtering, CVD, and evaporation [192].
Unfortunately p-GaN is relatively sensitive to damage by both the deposition and
the subsequent removal of the dielectric. It was for instance found that the resis-
tivity of p-GaN increased one order of magnitude when Si3N4 was deposited in a
high-temperature (770 ◦C) low-pressure-CVD process. The degradation can likely be
attributed to hydrogen passivation from the ammonia and the silane precursor used
in the Si3N4 CVD deposition. Instead, the dielectric coating used in Paper V was
sputtered SiO2 which was patterned with a buffered oxide etchant.
6.6 Contact Metallization
To inject the current needed for light emitting devices, metal contacts need to be
formed at the semiconductor. Preferably they should have linear current-voltage char-
acteristics and low resistivity. Such contacts are referred to as ohmic contacts.
When a metal is deposited on a semiconductor, an energy barrier is formed at
the interface. From basic theory, the barrier is caused by the difference between the
work function of the metal (Φm) and the semiconductor (Φs). The work function is the
difference between the Fermi-level and the vacuum level. If a metal with a suitable work
function, matching the Fermi-level in the semiconductor, is used, an ohmic contact
can be formed. If they differ, a depletion region is formed between the metal and the
semiconductor when the Fermi levels align. At the interface between heavily doped
semiconductors and metals, the depletion region is very narrow and electrons can
effectively tunnel through the barrier and the contact has ohmic characteristics. If the
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carrier concentration in the semiconductor is low, the formation of an ohmic contact
can be quite difficult, especially if a metal with a suitable work function does not exits.
For n-doped GaN and AlN, a reactive metal such as Ti is often used. A rapid
thermal annealing process is used to improve the contact quality. At the elevated
temperature (800-1000 ◦C), the contact metal reacts with the semiconductor and the
contact resistivity is reduced. It is generally believed that nitrogen vacancies are
formed in the vicinity of the metal, under the formation of TiN, yielding a high electron
concentration immediately below the contact, thereby forming an ohmic contact [193,
194]. Another explanation for the ohmic contact formation on n-GaN is that the work
function of TiN is suitably aligned with the Fermi-level in the semiconductor. Using
synchrotron radiation photoemission spectroscopy, it has been showed that the TiN
formation increases the barrier height and that N vacancy formation is the cause of
the ohmic behavior [195].
To protect the contact and to allow easy probing and bonding more metal layers are
usually added, typically ending with Au as an upper contact layer. Some intermediate
layers are used to separate the ohmic contact and the Au. A common metal stack used
on n-doped AlGaN is Ti/Al/Ti/Au [193]. To reduced surface roughness, Ti/Al/Ni/Au
is often used [196].
Other reactive metals such as V, forming VN, can be used and the required anneal-
ing temperature can then be reduced. In [197], the annealing temperature required
for forming low resistance ohmic contacts could be reduced by 150 ◦C to 650 ◦C when
using a V/Al/Pt/Au stack compared to a Ti/Al/Pt/Au. In [198], an annealing tem-
perature of 825 ◦C for 30 s was found optimal with a V/Al/V/Ag metal stack on
n-doped GaN and of 865 ◦C for n-Al0.58Ga0.42N.
For formation of contacts to p-GaN, metals with large work functions are used to
reduce the height of the contact barrier, thereby creating an ohmic contact. Commonly
used metals are Ni (ΦNi = 5.09 eV), Pd (ΦPd = 5.40 eV) and Pt (ΦPt = 5.66 eV)
[150, 199]. For p-GaN, the Fermi-level is near the valence band edge. The separation
between the conduction band and the vacuum level is 4.1 eV [200] and the valence
band lies Eg = 3.437 eV below the conduction band [15]. This means that a barrier of
around 2 eV will be present and ohmic contacts must be formed by reducing the width
of the depletion barrier with heavy p-doping near the contact. For AlN and AlGaN,
the barrier is even larger. For DUV-LEDs, a thin heavily p-doped GaN layer is nearly
always inserted to ease the contact formation but can degrade the surface morphology.
The contacts are usually annealed for up to 10 minutes around 500 ◦C [199].
For similar reasons as those for using Au on the top of the n-contact metal stack, a
top layer of Au is usually added on the p-contacts. The lower annealing temperature
in combination with the lower reactivity of the contact metal reduces the need for
several metals in the contact stack. Common choices for p-contact metallizations are
Pd/Au, Ni/Au and Pt/Au.
It has also been observed that oxidation annealing of Ni/Au contacts on p-GaN
can form low resistance contacts by forming NiO/Au on the p-GaN surface and the
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formation of Ga vacancies at the contact interface [201–203].
The purity of the semiconductor interface is important for the contact formation.
Usually organic compounds are dissolved in degreasing processes, such as ultrasonic
acetone, methanol and isopropyl alcohol rinsing, prior to photolithography. Other
impurities and native oxides are often removed using a acid dip immediately before
depositing the contact metals. A dip of a few minutes in buffered HF, followed by
rinsing in deionized water, can be used. However, care must be taken so that dielectrics
or other layers in the device structure are not removed.
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Chapter 7
Characterization Techniques
For characterization of semiconductor materials and devices many different techniques
are used. In this chapter, some of the most important techniques used in this work,
and their implementations, are discussed. Standard techniques, such as Hall, SEM,
AFM, optical ellipsometry and mechanical profilometry have also been used but are
not described here.
7.1 X-Ray Diffraction
X-ray diffraction (XRD) is a widely used method to study and analyze the crystalline
or structural quality. The sample is illuminated with x-rays and the resulting diffrac-
tion pattern is analyzed. The fundamental principle of x-ray diffraction is similar
to the optical reflections in a DBR stack. However, the x-rays are diffracted by the
crystallographic planes inside the crystal, see Figure 7.1. In principle, for maximum
diffraction from a set of crystal planes with a separation distance, d, the wavelength (λ)
of the x-ray photons and the incidence angle, ωi, need to satisfy the Bragg condition
mλ = 2d sin(ωi), where m is an integer. That is, the optical path length experienced
by photons reflected on different crystal planes must be such that the photons are in
phase at the output.
Various optical components such as slits and crystal based monochromators can be
used to reduce the divergence and the linewidth of the x-ray beam, thereby increasing
the angular resolution of the instrument. Thus, the crystalline quality can be assessed
by measuring the width of the diffraction peak. The wider this peak is, the worse
is the crystalline quality. For the III-nitrides, screw and edge dislocations mostly
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Figure 7.1: Diffraction geometry for XRD.
affect the width of the diffraction peaks of planes parallel and perpendicular to the
growth plane (c-plane), respectively [204]. The full width at half maximum (FWHM)
of the in-plane diffraction peaks, ∆ωs, is readily measurable in reflection mode x-ray
diffractometers. For the diffraction peaks from planes perpendicular to the surface,
this type of measurement is not possible due to geometrical limitations of the XRD
instrument. Although other measurement geometries can be used, the FWHM of the
out-of-plane diffraction peaks, ∆ωs, can instead be estimated from the FWHM of
layers with increasing inclination to the surface normal [205]. Although the FWHM
depends on several different effects it is often used to estimate the edge, ρe, and screw,
ρs, type dislocation densities using the expressions [204]
ρe =
∆ω2e
4.35b2e
, ρs =
∆ω2s
4.35b2s
, (7.1)
where be, and bs are the lengths of the Burgers vectors associated with edge (112¯0)
and screw (0001) dislocations, respectively. The Burgers vector corresponds to the
step required to restore the lattice after traversing around a dislocation line [206].
Since XRD allows for the examination of the crystal structure, it can also be used
to determine the lattice constants of the sample. Since the lattice constants of the
substrate are known and are not affected by the epitaxial layers it can be used as
a reference. In Figure 7.2, a reciprocal space map of the 22.5 pair AlN/GaN DBR
previously described in Section 4.4 around the (101¯5) diffraction peak is shown. The
peaks from the grown layers are aligned vertically, indicating that they have assumed
the same in-plane lattice constant. The lattice constants of the layers are obtained
by comparison with the known lattice constants of the 4H-SiC substrate, under the
assumption that the tilt of the c-axis compared to the Z-axis of the XRD system
is negligible, which is reasonable for substrates grown without miss-cut. For this
particular DBR the lattice constants of the free-standing layers are aGaN = 3.15 Å,
cGaN = 5.20 Å, aAlN = 3.14 Å, and cAlN = 4.94 Å.
Apart from the previously described measurements, XRD can also be used to
measure, for instance, the periodicity of DBR and SPSL structures, and QW strain.
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Figure 7.2: Reciprocal space map of the 22.5 pair AlN/GaN DBR described in Sec-
tion 4.4, around the (101¯5) reflection peak. Peak broadening is caused by a low 2Θ
resolution due to the use of a 1/8◦ slit on the detector.
7.2 Raman Spectroscopy
Spectroscopical investigations of semiconductors are often desirable since they are
generally nondestructive and require limited sample preparation. Raman spectroscopy
is one such technique that can be used to, e.g., characterize graphene layers.
The sample is illuminated with monochromatic light, usually from a laser, and
the backscattered light is analyzed. While the photon energy is mostly maintained,
some photons experience an energy shift due to interaction with the optical phonons
in the material. Thus, a spectroscopical analysis of the backscattered light allows the
phonon spectrum of the material to be measured. The phonon spectrum is strongly
linked to the properties of the crystal lattice. For instance, the phonon energy in AlN
is related to the stress in the layer and the stress can, thereby, be measured using
Raman spectroscopy [207].
Graphene is a single monolayer of carbon atoms with the same hexagonal structure
as the individual layers in graphite. Graphene is difficult to handle and characterize
since it is very thin, fragile and fairly transparent. Graphite films with two or a few
layers are referred to as bi or few layer graphene. Since the electrical and optical
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Figure 7.3: Raman spectrum of CVD grown graphene transferred to a blue LED
structure. The spectrum has been normalized to the G-peak after baseline removal.
properties are different for single layer graphene and few layer graphene, a method to
determine the type of graphene is needed. Although AFM can be used to separate
flakes of single and bi layer graphene it is very time consuming and challenging on
device structures. Alternatively, Raman spectroscopy can be used to identify single
layer graphene in a non-destructive and comparatively rapid measurement [208].
To separate graphene from graphite, the intensity ratio between the so called G
(1580 cm−1) and 2D (2700 cm−1) peaks in the Raman spectrum is measured, see
figure 7.3. In defect free graphene, the 2D peak is more intense, roughly 4 times,
than the G peak. In bi-layer graphene, the 2D peak becomes broader and is slightly
upshifted in energy. As more layers are added, the 2D peak becomes broader and
reduces in intensity relative to the G peak. After approximately five layers the Raman
peaks are essentially indistinguishable from bulk graphite. In graphite, the 2D peak
is separated into two broad overlapping peaks with the most intense having roughly
half the intensity of the G peak. Measuring the relative intensities and shapes of these
peaks can thus be used to separate, single, bi, few layer graphene, and bulk graphite
in a nondestructive way [208].
Raman spectroscopy was used to verify that the method used to grow and transfer
graphene for Paper V resulted in single layer graphene. The method is described in
[121].
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7.3 Bulk Resistivity Measurements
The transmission line method (TLM) is commonly used to measure the resistance
of metal-semiconductor contacts. However, the resistivity of the bulk semiconductor
between the contacts (the sheet resistivity Rsh [Ω/]) is simultaneously measured.
In principle, since the resistance between two contacts to a semiconductor consists of
the sum of the contact resistances and the resistance in the semiconductor between
the contacts, the contacts can have geometries such that the individual resistance
contributions can be separated. This is possible when the resistance between contact
pads of several different separation distances is measured. A full description of the
TLM method can be found in [190].
In Figure 7.4a, the two most commonly used contact geometries are shown. They
are the linear and circular TLM patterns. The linear pattern requires the metal pads
to be placed on a mesa to restrict the current flow to the width of the contact pad. The
circular pattern does not require a mesa since the contact pad geometry restricts the
current flow. This simplifies the fabrication of test structures. However, the analysis of
the measurement data is simpler when using the linear pattern. Although both types of
TLM patterns are often used to measure the specific contact resistance, rc [Ω·cm2], the
lateral geometry makes such measurements imprecise, especially for specific contact
resistances lower than 1 × 10−6 Ω·cm2 [190]. The method is more suited to measure
the in-plane contact resistance, Rc [Ω·cm]. For more accurate measurement of low
specific contact resistances, other device geometries such as the four-terminal Kelvin
resistor can be employed [209].
For linear TLM patterns, the resistance measured between the contact pads, Rm
[Ω], increases linearly with the pad separation, ∆d. For contact pads with the width
W [cm], Rc and Rsh can then be calculated by fitting RmW = 2Rc + Rsh∆d to the
measured resistances. Now, given Rc and Rsh, the ∆d0 that satisfies RmW = 0 is
related to a quantity called the transfer length Lt [cm] by Lt = −∆d0/2. The transfer
length relates to the current spreading beneath the contact pad. Under the assumption
of equivalent sheet resistance in the semiconductor beneath and between the contact
pads, the specific contact resistance is then given by rc = RshL2t [190, 210].
If the same linear analysis is used for a circular pattern, with W taken as the pad
circumference and ∆d as the radial separation, it will give a slight error in the sheet
resistance and a quite significant error in the contact resistance [210]. When using a
circular transmission line method (CTLM) pattern, it has been is suggested to use
Rm =
Rsh
2pi
[
ln
(
ro
ri
)
+ Lt
(
1
ro
+
1
ri
)]
(7.2)
instead of a linear approximation [210]. For each pattern, ro [cm] is the outer pad
diameter and ri [cm] is the inner pad diameter. Similarly, Rsh and Lt are obtained
by fits to the measured resistances between several contact pads. The equation is an
approximation valid when 4Lt < ri. The contact resistance is given by Rc = piriRm
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for the Rm corresponding to ro = ri. The bulk resistivity ρ [Ω·cm] is related to the
sheet resistance by ρ = Rsht, where t [cm] is the thickness of the semiconductor layer.
A further complication stems from the fact that contacts to p-GaN and p-AlGaN
often exhibit a non-linear current-voltage dependence. This means that the measured
contact resistance depends on the applied voltage. However, even with nonlinear
contacts there are methods that can be used to extract some information on contact
and sheet resistances [211–213]. By performing the measurement at several applied
voltages it has been observed that the extracted sheet resistance stabilizes at high
voltages where the impact of the nonlinear contact is reduced [211].
The current-voltage-curves in Figure 7.4b are from a CTLM measurement on p-
GaN using Pd/Au contacts before contact annealing. The contacts are clearly nonlin-
ear. In Figure 7.4c, the average resistance for each of the examined contacts is shown,
and a least squares fit using Eq. 7.2 is included. The fit resulted in a resistivity of
2.1 Ω·cm for the p-GaN layer. In Figure 7.4d, the dependence of the extracted resistiv-
ity on the method used to determine Rm is shown. The resistance and the differential
resistance at each bias point was used as Rm to calculate the p-GaN resistivity, which is
plotted as the solid and dashed curves, respectively. After annealing the contacts were
more linear and the measured resistivity was 1.7 Ω, indicated by the black line. The
resistivities extracted from the resistance and the differential resistance methods were
more consistent. Thus, when extracting the sheet resistance, a more accurate value is
obtained if the influence of the nonlinear contact is reduced by using the differential
resistance at large applied voltages. This technique was used to extract a resistivity
of 7 kΩ·cm for Mg-doped Al0.85Ga0.15N grown by hot-wall MOCVD (Paper I).
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Figure 7.4: (a) The two most common pad layouts for TLMmeasurements: rectangular
(TLM) and circular (CTLM) patterns, above and below, respectively. (b) Current-
voltage curves from CTLM measurements on a 765 nm thick p-GaN layer using Pd/Au
contacts before contact annealing. The CTLM pattern has an inner radius of 80 µm
and a separation to the outer pad of ∆r = 5, 10, 15, 20, 25 µm. (c) Average resistance
between pads in the CTLM pattern with different separation. The red curve is a least
square fit of Eq. 7.2. (d) The resistivity calculated from the resistance and differential
resistance at each applied voltage of the current-voltage scans, solid and dashed curves,
respectively. After contact annealing, a sheet resistivity of 1.7 Ω·cm was measured,
indicated by the black line.
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7.4 Electrical Characterization of Transparent Electrodes
For electrical characterization of electrodes for use as current spreaders and transparent
contacts, there are three contributions to the overall resistance. They are the resistance
between the metal contact and the transparent electrode, the sheet-resistance of the
electrode, and the contact resistance between the electrode and the semiconductor.
It is also important that the contact can withstand the current densities required for
operation.
The resistance of metal contacts to the transparent electrode and the lateral sheet
resistance inside the electrode can be measured using the TLM structures described
in Section 7.3, if the transparent electrode material is deposited on an insulating
substrate. In principle, the contact resistance between the transparent electrode and
the semiconductor can also be characterized using the TLM method, if the transparent
electrode is patterned so that it replaces the metal contact pads. That is, if the sheet
resistance in the electrode is sufficiently low so that the measured resistance does not
critically depend on where the probe needles are placed on the transparent electrodes.
The transparent electrodes must also be sufficiently mechanically stable, so that they
are not damaged by the probe needles. When these conditions are unfulfilled it is
common to add a metal pad above the electrode to ease the contacting of the electrode.
However, when characterizing thin electrodes, as are needed in blue VCSELs, the metal
pads can accidentally contact the semiconductor through voids in the transparent
electrode. The metal can also alter the properties of the transparent electrode.
To avoid such problems, a test structure with a dielectric layer separating the
metal-transparent electrode interface from the transparent electrode-semiconductor
interface was used, see Figure 7.5. The contact area between the transparent elec-
trode and the semiconductor is defined by a circular aperture in the dielectric. A
conventional contact metallization, with known current-voltage characteristics, is used
as the opposing contact. Comparison of the current passing through contacts with
different aperture radii can then be used to determine the specific contact resistance
if the current is limited by the contact area. However, if the current is limited by the
contact circumference the specific contact resistance cannot readily be extracted since
current crowding limits the actual contact area to the outer parts of the contact.
This method was used in Paper V to characterize graphene for use as a transparent
electrode in blue VCSELs. Contacts were formed on both p-GaN and blue LED
structures. Unfortunately, due to the comparatively large p-GaN resistivity, current
crowding effects were observed. On the LED structures, the current scaled with the
contact area, which can be attributed to the lower resistivity of the n-GaN below
the pn-junction. However, the LED structure contains a pn-junction which makes it
impossible to examine the transparent contact under reverse bias and introduces an
extra forward voltage drop under forward bias. With a thicker or lower resistivity p-
GaN layer, the sheet resistance should be lower and the current crowding be reduced,
potentially enough for the current to scale with the contact area.
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Graphene SiO2Metalp-GaN
Transparent Contact
p-Contact
Substrate
Figure 7.5: The test structure used to evaluate transparent contacts on p-GaN in
Paper V. Left: side view, and right: top view. The white circle, in the top view,
indicates the dielectric aperture. A similar structure was used for contact evaluation
on LED structures.
7.5 Spectral Reflectance Measurements
The spectral reflectance measurement shown in Figure 4.3a was performed using a
white light reflectance system. The light from a xenon lamp (Thorlabs OSL1-EC)
was collected into a bifurcated reflection-probe with sig bundled illumination and one
detection fibers (Filmetrics FO-RP1-NIR-1.3). A sample stage (Filmetrics SS-3) was
used to align the sample with the reflection probe. The reflected light was collected in
the center core of the reflection probe and was led to a fiber coupled monochromator
(Avaspec 3648). The system has a spot size of approximately 1×1 mm and covers the
wavelength range 350-800 nm.
Since the output power of the lamp can vary it is necessary to calibrate against a
reference sample, with known reflectivity (Rr), for each measurement, after allowing
the lamp to stabilize. After measuring the intensity of light reflected in the sample
(Is), the reference (Ir) and the system response to a scan without reflecting sample
(Id), the sample reflectivity (Rs) is given by:
Rs = Rr
Is − Id
Ir − Id , (7.3)
assuming a linear system response. All parameters above are functions of the wave-
length, λ.
Another method that can be used to measure the spectral reflectance is the V-
W method. The method is in principle similar to the previously described method.
However, it has the advantage that no reference reflector is needed. Instead two
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different optical configurations, referred to as the V and W configuration, are used
to measure the system response corresponding to 100% reflection and the sample
intensity, respectively. The drawback is that the method requires the light incident
on the sample to have a slight angle with respect to the surface normal and that the
sample must be sufficiently large and uniform (approximately 4 × 4 cm) for the two
reflections needed in the W configuration [214, 215].
For increased measurement accuracy the cavity phase-shift (CAPS) method, which
allows for a measurement accuracy of 0.01%, can be used [216, 217]. In the CAPS
method, two mirrors are used to form a resonator. The phase delay experienced by an
amplitude modulated laser beam as it passes through the resonator is used to measure
the Q-factor of the resonator. Since the combined loss in both mirrors is measured, one
of the mirrors has to have a known reflectance. However, this reference reflectance can
be determined by measuring the three possible resonators formed using three mirrors
with unknown reflectance. The CAPS method is in principle similar to the waveguide
loss measurement method presented in Section 7.7. The difference is that the phase
delay caused by the photon lifetime in the resonator is used to calculate the loss instead
of the Fabry-Pérot (FP) resonance spectrum.
7.6 Intersubband Absorption Measurements
In Paper II, the temperature dependence of the ISB-transition energy in GaN/AlN
QWs was measured. The measurement was based on Fourier transform infrared
(FTIR) spectroscopy. The sample was cleaved and polished into a multipass geometry
with 45◦ beveled input and output facets, see Figure 7.6. The multipass structure
is required due to the selection rules of the ISB transitions where only photons with
E-field perpendicular to the QWs can be absorbed [218, 219]. The sample was heated
using a resistive heater integrated in the sample holder. The sample holder was built to
fit inside the sample compartment of a Bruker IFS 55 FTIR spectrometer, see Figure
7.7. A thermo-electrically cooled InGaAs detector with built-in amplification was used
to detect the light transmitted through the sample. A polarizer was used to select the
polarization.
In FTIR measurements, a polarizing beamsplitter with a movable mirror is used to
spectrally modulate light from a white light source. The modulated light is transmitted
through the sample and onto a photodetector. By Fourier transforming the detected
signal with respect to the mirror position, the energy dependence of the transmission
through the sample is obtained. To extract the absorption in a sample, a similar but
non-absorbing dummy sample is needed as a reference, so that the intensity variation
of the system can be accounted for in the calculation of the absorption.
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Figure 7.6: Side view of the multipass geometry. The incoming light is reflected on the
sidewalls and passes through the QW stack (blue) several times. Photons polarized
parallel to the plane of the QWs (dots) are fully transmitted, while some of the photons
with perpendicular polarization (arrows) are absorbed in each pass through the QWs.
Figure 7.7: A setup for temperature dependent absorption measurements. With a
temperature controller, the temperature of the aluminium sample holder can be ad-
justed between room temperature and 400 ◦C. The light from the FTIR window passes
through a polarizer and is focused onto the sample. After multiple internal reflections
in the sample, the transmitted light is collected and focused onto a thermo-electrically
cooled InGaAs detector with the help of a concave mirror.
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7.7 Waveguide Loss and Mode Characterization
To enable experimental verification of the waveguide designs proposed in Papers III
and IV, a waveguide characterization system has been constructed. A schematic of
the setup is shown in Figure 7.8a. Light from an external source is injected into one
end of the waveguide, and the light transmitted through the waveguide is collected
and analyzed. A 3 dB coupler is used so that light from both a wavelength tunable
external-cavity fiber-coupled laser at 1.55 µm and a red laser (635 nm) can be injected.
The light passes through a polarization controller and is injected into the waveguide
by a lensed fiber. The position of the fiber is precisely controlled with a piezoelectric
xyz-translator. The red laser is used for coarse alignment so that the coupling into
the waveguide can be observed with an ordinary microscope, see Figure 7.8b. The
nearfield at the output facet is collected with a lens and imaged onto a NIR-camera
for monitoring the waveguide modes or a photodetector for loss measurements. A
polarizer is placed before the camera to verify the polarization state selected by the
polarization controller.
Although it is possible to directly measure the intensity of the light transmitted
through the waveguide, and relate it to the losses, it is not recommendable since the
intensity is highly depended on the amount of injected light, and thereby the alignment
of the lensed fiber. Alternatively, the loss can be measured by observing the intensity
oscillations caused by the FP resonances in the resonator formed by the waveguide end
facets as the wavelength of the laser is varied. The maximum (Imax) and minimum
(Imin) intensity values are used to determine the finesse of the resonator [220]:
F =
pi
2
√
Imax
Imin
− 1. (7.4)
The finesse is related to the waveguide loss αwg by [220]:
F =
pi exp
(
−L
2
(
αwg +
1
2L
ln
(
1
R1R2
)))
1− exp
(
−L
(
αwg +
1
2L
ln
(
1
R1R2
))) (7.5)
where L is the length of the waveguide and R1, R2 are the reflectivities of the two end
facets. Under the assumption of equal reflectivity at both facets, it is possible to de-
termine both the waveguide loss and the facet reflectivity if two equivalent waveguides
with different lengths are used.
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Figure 7.8: (a) The waveguide characterization setup. (b) View showing the optics
used to inject and extract light from the waveguide in the center of the image, the lens
for imaging the waveguide end facet to the left, the microscope ocular used to view the
alignment above, and the lensed fiber excited with the red laser to the right. (c) and
(d) Nearfield of the TM- and TE-polarized modes, respectively, for a waveguide with
the metal-contact design from Paper III. Note that, as predicted by the simulations,
the TM mode is only transmitted through the right side of the waveguide, and not in
the area beneath the metal contact. (e) Simulated metal induced loss and measured
total loss for the TM-polarized mode of waveguides fabricated in a 2.5 µm thick GaN
template on a sapphire substrate (Figure 7.9), using the design from Paper III.
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Figure 7.9: To test the waveguide design proposed in Paper III, waveguides in a 2.5
µm thick GaN template on a sapphire substrate were fabricated. The width of the
guiding region, beneath the label wg, was varied. The white ellipse indicates the area
where the low loss TM polarized mode is guided.
To verify the waveguide design proposed in Paper III, waveguides were fabricated
in a 2.5 µm thick GaN template on a sapphire substrate, see Figure 7.9. The end
facets were formed by dry etching. The partial width of the waveguide ridge on the
right side of the metal contact, here referred to as the guiding width, wg, was varied.
In Figures 7.8c and 7.8d, nearfield images of the guided TM and TE modes are shown.
A comparison between the relative position of the TM and TE polarized modes serves
as a verification that the TM mode only exists in the area to the right of the metal
contact, as suggested by the simulations. In Figure 7.8e, the losses measured for the
TM mode of 300 µm long waveguides with different guiding width are compared with
a simulation of the metal-induced losses. The measurement was based on the relative
intensities of the FP resonances in the waveguide. Based on the effective mode index,
neff = 2.28, a reflectivity of 15% was assumed for the dry etched end facets when
calculating the waveguide loss using Eq. 7.5. The slightly larger measured losses
compared to those from the simulations can be explained by considering that the
simulations only take the loss caused by the contact metallization into consideration
and ignores other loss sources such as scattering at sidewall roughness.
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Future Outlook
Despite the large development that has occurred during the last few years, the full
potential of the III-nitrides remains to be explored. Probably most exciting for the
nearest future is the increasing availability of high-quality native and non-polar sub-
strates with low defect densities, that has started to enable efficient DUV-LEDs, im-
prove the efficiency of blue LEDs and LDs, and extend the wavelength range into the
green. A remaining challenge is the difficulty of obtaining high p-type conductivity,
which sofar remains modest despite significant research and development efforts. Some
potential future development possibilities, related to the device technologies studied
in this thesis, will be discussed in this chapter.
8.1 Deep Ultraviolet Emitters
As was mentioned in Section 3.4, the record EQE (10.4%) for DUV-LEDs is for a
device grown on sapphire substrate [6]. The UV transparent substrate allows for high
LEE (30%), especially when combined with a reflective p-contact. It was observed
that the IQE increased as the TDD decreased. If the high LEE could be achieved for
devices grown on low TDD AlN substrates with IQE of 70% [72], an EQE of 21% can
be expected. Increasing the LEE up to 45% as expected in [78] would then give 31%
EQE. However, when estimating the currently obtained IQEs based on the EQEs and
LEEs in the references the IQEs are in the range of 30-35% and not 70% [6, 72]. The
LEE for devices on AlN substrates could be improved by using high purity HVPE-
AlN with a lower defect related absorption of 6.6 cm−1 at 265 nm compared to the 35
cm−1 for PVT-AlN [72, 221]. LEDs on HVPE-AlN with an EQE of 2.4% have been
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demonstrated [81]. This could be improved by wafer thinning and encapsulation in a
low index material similar to that used in [72].
High purity transparent AlN substrates could also allow the use of laser lift-off to
remove the epitaxial structure for substrate reuse. The extraction efficiency would then
potentially increase significantly, in a manner similar to that of thin-GaN blue LEDs
grown on sapphire substrates where a LEE > 80% was achieved [4]. With high purity
substrates, it might also be possible to introduce doping to obtain n-type conductivity.
This could allow the use of backside contacts for LED and LDs which would simplify
device processing and improve current spreading compared to the currently favored
lateral contact geometry.
A further advantage for growth on high quality native substrates is the possibility
to use non- or semi-polar orientations. Non-polar device structures might enable larger
efficiencies, due to the increased electron-hole overlap and the possibility of using wider
QWs. Further research is warranted to determine the optimal growth plane and device
structure for DUV-LEDs.
The difficulty of obtaining high p-type conductivity is a remaining hurdle that
reduces the power efficiency of DUV emitters. Much of the effort is directed to the
search of a better dopant. However, the best results so far are obtained using Mg, as
was done for Al0.85Ga0.15N in Paper I. Other dopants such as Be and MgO complexes
have been suggested to reduce the ionization energy and might lead to improved con-
ductivity. Another method with potential to increase the conductivity is to utilize
the internal polarization fields to reduce the ionization energy of the Mg acceptors.
This has been used [37, 222–224] to increase the p-type conductivity in various AlGaN
structures.
A highly exploratory technique that could alleviate the p-doping problem is the for-
mation of a tunnel junction assisted by the polarization fields in a thin highly strained
layer at the interface between the p-region and an added n-type contact layer; the pur-
pose of the layer being to align the valence- and conduction-band on each side of the
layer so that tunneling through this junction becomes possible. Such a tunnel junction
has been demonstrated in GaN using an In0.33Ga0.67N layer sandwiched between p-
and n-type GaN layers [225], markedly increasing reverse and moderately increasing
forward current density compared to a degenerately doped p+/n+ GaN junction. Such
a junction could be used to reduce the resistive losses in an AlGaN-based LD design,
where a thick n-doped waveguide cladding layer could be used on both sides of the
gain region. The polarization enhanced tunnel junction is then used to connect one of
the n-doped cladding layers to a thin p-doped hole injector layer immediately before
the gain region. However, for the formation of an efficient tunnel junction, a hole
concentrations larger than what is currently demonstrated in high Al mole fraction
AlGaN is likely required, despite the assistance from the high strain fields.
Still, with the currently achieved power efficiencies, > 5% [6], and output powers,
> 60 mW [72], DUV-LEDs are already a viable alternative for replacing Hg-based gas
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discharge lamps for applications where low turn-on delay, long device lifetime, and/or
physical robustness are more important than maximizing power efficiency.
8.2 Blue Vertical Cavity Surface Emitting Lasers
Due to intense development efforts, several research groups have in the last few years
demonstrated GaN-based blue VCSELs, with the best devices approaching mW power
levels for CW lasing at RT. With further developments, an output power of a few mW,
sufficient for several applications, is likely.
The devices with the best performance have both top and bottom dielectric DBRs.
Since these structures require complicated substrate removal, wafer scale processing
with high yield is a challenge. Thus, devices with an epitaxial bottom DBR would
be preferred. However, currently the performance of such hybrid devices is inferior to
those with double dielectric DBRs. For VCSELs with a bottom AlN/GaN DBR, the
lower performance could be attributed to large dislocation density in the active region.
For the VCSEL with a lattice-matched bottom AlInN/GaN DBR, the performance is
even worse. This is attributed to a low top dielectric DBR reflectivity of 98.4% and
an unnecessarily thick (λ/4) and incorrectly placed ITO layer [96]. If these and other
design issues are addressed, the performance should increase significantly.
So far no VCSELs have employed a conductive bottom DBRs. Although it is
difficult to obtain conductivity in AlN, a conductive AlN/GaN DBR has been demon-
strated [136]. Lattice matched AlInN/GaN doped with Si could potentially have lower
resistivity, since both GaN and AlInN are intrinsically n-type. Recently, p-type AlInN
was demonstrated [226] which could enable p-type DBRs, and even fully epitaxial blue
VCSELs.
It should be noted that most of the blue VCSELs use a dielectric aperture to
confine the current to the center of the device. Such structures have a tendency to be
anti-guided [99], resulting in increased optical loss that can be reduced if a structure
providing index guiding is used. It was demonstrated that RIE treatment of p-GaN
could be used for current confinement in a planar structure [96]. If the RIE treatment
is combined with surface patterning, an index guided structure could be realized. This
could be made using dry-etching of the p-GaN, or preferably in combination with the
patterning of a contact resistance reducing interlayer, for instance, a thin InGaN [110]
or NiO [109] layer. For blue VCSELs, a 2 nm p+-InGaN layer has been used to improve
the p-contact resistance [95].
Finally, it might be beneficial to move away from the optically absorbing In-based
TCOs that are used to contact the p-GaN surface in the center of the devices. The
possibility to use metal-free graphene was examined in Paper V. Although the contacts
were not able to withstand the current densities required in present blue VCSELs, both
contact resistance and reliability could likely be improved using methods suggested in
the paper and in Section 4.3.
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8.3 Quantum Cascade Lasers
The demonstration of an AlGaN-based QCL still lies in the future. One problem
hindering this is the difficulty in forming a low-loss waveguide that also allows for
current injection. The designs presented in Papers III and IV might provide sufficiently
low loss for lasing to occur. There are also other problems related to QCLs in the III-
nitrides, for instance the large defect density and risk of crack formation due to growth
on non-native substrates, such as sapphire. The optimal active region design for high
gain is also an open question, where the polarization fields for growth on the c-plane
complicate matters.
Many of the growth and material related issues can hopefully be resolved by growth
on high quality AlN substrates. This would also enable growth on non-polar planes
which could simplify the design of the active region. The suggested waveguide designs
(Papers III and IV) are compatible with bulk AlN substrates. Growth on AlN will
compressively strain the active region and, thereby, reduce the risk of cracking.
Although PL induced spontaneous ISB emission has been demonstrated [227–229],
and a gain region designs have been proposed in Paper III and [230], there has been no
demonstration of NIR EL. Such a demonstration would be the logical next step towards
a NIR AlN/GaN QCL, and would provide data to refine the design and the theoretical
models. The spontaneous ISB emission rate in a QCL is very low. Approximately one
in a million of the transitions between the upper and lower laser level results in the
emission of a photon [229, 231]. This makes detection of spontaneous emission difficult.
Although significant stimulated emission typically requires conditions close to lasing,
it can potentially be measured even if such conditions cannot be obtained. This could
be done by using a setup similar to that for measuring waveguides losses, presented in
Section 7.7, to measure the loss reduction (gain) when current is driven through the
QCL stack. The measurement of gain in this manner could also be used to strengthen
the validity of the EL results for the AlN/GaN THz-QCL presented in [155].
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Summary of Papers
Paper I
The resistivity of Mg-doped Al0.85Ga0.15N grown by hot-wall MOCVD on an AlN tem-
plate on SiC is measured to be 7 kΩ·cm. With an estimated mobility of 2 cm2/(V·s),
the corresponding carrier concentration is ≈ 1014 cm−3. Given the large ionization en-
ergy of the Mg-dopant at this alloy composition, a hole concentration around ≈ 1 ·1013
cm−3 is expected with the used acceptor concentration of 2 · 1019 cm−3.
Contributions: I designed and fabricated the test structures, did the measurements
and data analysis to extract the resistivity, and took part in writing the paper. The
epitaxial layers were grown by collaborators at Linköping University.
Paper II
The temperature stability of ISB transitions in AlN/GaN multiple QW structures
absorbing around 700 meV is examined at temperatures up to 400 ◦C. A physical
model is used to explain the transition energy shift. The transition energy is found to
be dependent only weakly on temperature, with a red-shift of 15 µeV/K (38 pm/K).
This suggests e.g. that AlGaN-based QCLs for telecom applications could operate
without active temperature control.
Contributions: I proposed the experiment, developed the sample preparation tech-
nique, designed and implemented the measurement setup, led the measurements, and
wrote the experimental part of the paper. The theoretical analysis was performed by Dr.
K. Berland at the Bionano Systems Laboratory at MC2. The epitaxial structures were
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provided by the group of Professor Thorvald Andersson at the Microwave Electronics
Laboratory at MC2.
Paper III
In this paper we propose a waveguide design for III-nitride based QCLs designed
for operation at telecom wavelengths. The optical mode is vertically confined by SiO2
above and sapphire below, and horizontally confined by a ridge structure and the metal
contact used for current injection into the waveguide. The waveguide properties are
examined using finite element simulations while varying the most critical parameters.
It is shown that single-mode operation is possible with a low metal-induced loss of
6.1 cm−1 for the fundamental mode with a mode confinement of 52%.
Contributions: I proposed the waveguide design, performed the simulations, and
wrote the paper.
Paper IV
In this paper a second improved waveguide design for AlGaN-based QCLs at tele-
com wavelengths is proposed and analyzed. The optical mode is confined vertically
by a lower AlN cladding and an upper conductive ZnO cladding used for current in-
jection, and horizontally by a ridge structure. Finite element simulations were again
used to examine the waveguide characteristics, accounting for both refractive index
anisotropy and free carrier absorption. The design was evaluated with material com-
positions appropriate for AlGaN-based QCLs. The most promising waveguide design
was examined in greater detail. The design was found to provide a mode confinement
of 40% and exhibiting a modal loss of 39 cm−1.
Contributions: I proposed the waveguide design, performed the simulations, and
wrote the paper.
Paper V
In this paper we examine the use of transferred metal-free graphene as a transpar-
ent electrode on GaN-based light emitters. Although the reliability was found to be
poor, bi-layer graphene was able to momentarily sustain current densities close to the
threshold current density of state-of-the-art GaN-based VCSELs.
Contributions: I designed the test structures, fabricated the devices, performed the
measurements and data analysis, and wrote the paper. The expitaxial structures used
in the experiment were provided by the group of Professor N. Grandjean at EPFL,
Lausanne, Switzerland. The graphene layers were grown and transferred to the devices
by Dr. J. Sun at the Quantum Device Physics Laboratory at MC2.
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